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The conventional understanding of the role of the seed coat is that it provides a protective
layer for the developing zygote. Recent data show that the picture is more nuanced. The
seed coat certainly represents a ﬁrst line of defense against adverse external factors, but it
also acts as channel for transmitting environmental cues to the interior of the seed.The latter
function primes the seed to adjust its metabolism in response to changes in its external
environment.The purpose of this review is to provide the readerwith a comprehensive view
of the structure and functionality of the seed coat, and to expose its hidden interaction with
both the endosperm and embryo. Any breeding and/or biotechnology intervention seeking
to increase seed size or modify seed features will have to consider the implications on this
tripartite interaction.
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INTRODUCTION
The evolution of sexual reproduction and the seed underlies much
of the evolutionary success of the ﬂowering plants. The most dis-
tinctive characteristic of the angiosperms is the double fertilization
event, followed by the development of a seed encased in mater-
nal tissue, referred to as the seed coat (or testa). The enclosure of
the developing embryo affords it protection and thereby enhances
its chances of reaching maturity and establishing the subsequent
generation; this feature has not been achieved by species belong-
ing to other clades of the plant kingdom. The progenitor structure
of the angiosperm seed on the female side is the ovary, and its
ﬁnal form comprises an embryo, an endosperm, and the seed
coat. The embryo results from the fusion between an egg cell and
a sperm nucleus, while the endosperm develops from the fusion
between the two central cell nuclei and a second sperm nucleus to
produce (in diploid species) a triploid structure. The seed coat is
entirely maternal in origin. When fertilization fails, the structure
degenerates rapidly, thereby ensuring that the assimilate invested
in an aborted seed is recycled (Roszak and Köhler, 2011). Post
fertilization, the development of the seed relies on a coordinated
interaction between the seed coat, the embryo, and the endosperm.
The molecular basis of seed development has been intensively
studied (Lafon-Placette and Köhler, 2014), but until now, the lack
of suitable in vivo analytical methods has hampered systematic
investigations of either the metabolism occurring or the internal
structures developing within the growing seed. Here, a description
is given of our current understanding of the functional role of the
seed coat in the developing seed.
FROM OVULE TO SEED COAT
The seed coat originates from cell layers surrounding the ovule.
The analysis of a number of Arabidopsis thaliana mutants has
revealed its structure and function, as well as identifying many of
the genes involved in its development (Haughn and Chaudhury,
2005; Figueiredo and Köhler, 2014). Seed coat development is
repressed prior to fertilization by dosage-sensitive, sporophytically
active polycomb-type-proteins that are expressed in the maternal
tissue surrounding the female gametophyte (Roszak and Köhler,
2011). The fertilization generates a signal that relieves the poly-
comb type protein-mediated repression, resulting in the initiation
of seed coat formation (Roszak and Köhler, 2011).
The A. thaliana seed coat is composed of ﬁve cell layers: the
three-layered inner integument and the two-layered outer integu-
ment; each of these layers follows a distinct path during seed
development. The endothelium (the innermost cell layer) synthe-
sizes proanthocyanidins (PAs), which ﬁrst condense into tannins,
then oxidize to impart the brown pigmentation seen in the mature
seed of many species (Lepiniec et al., 2006). The two adjacent cell
layers are crushed together as the seed expands (Nakaune et al.,
2005). The outer integument undergoes extensive differentiation,
regulated by the YABBY family transcription factor INNER NO
OUTER (Kelley and Gasser, 2009), going on to form the sub-
epidermal and epidermal cell layers. The former of these generates
a thickened wall on the side facing the epidermis (Haughn and
Chaudhury, 2005), while the latter produces a pectinaceous car-
bohydrate referred to as mucilage (Arsovski et al., 2010; Haughn
and Western, 2012). The outer integument is associated with a
suberized layer, and the endothelium with a cutin-like polyester
layer (Molina et al., 2008). In leguminous species, the seed coat
is typically a multi-layered structure, including both macro- and
osteosclerids in its outer integument and parenchyma in its inner
integument (van Dongen et al., 2003; Verdier et al., 2012). In the
cereal grain (strictly a caryopsis rather than a seed, since the ovary
wall is fused with the seed coat), the endothelium and the outer
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integument each form a pair of cell layers, while the enlarged
pericarp takes over some of the key functions of the seed coat
(Sreenivasulu et al., 2010). The various impacts of the seed coat
are illustrated for a contrasting set of species in Figure 1.
The development of the endothelium has been revealed by the
analysis of A. thaliana mutants impaired in seed coat pigmenta-
tion. A number of relevant genes have been isolated, classiﬁed for
themost part into either transcription factors or genes required for
the synthesis and compartmentation of PA ﬂavonoid compounds
(Haughn and Chaudhury, 2005). Comprehensive transcriptomic
descriptions of the developing A. thaliana seed coat have provided
a wealth of information relevant to how the process occurs in
other species (Dean et al., 2011). The Medicago truncatula myb
transcription factor gene MtPAR has been shown to be a key reg-
ulator of PA synthesis, and its transcription co-localizes with the
site of PA accumulation in the seed coat (Verdier et al., 2012).
Key M. truncatula genes along with the precursor transporter
MATE1 (involved in PA synthesis) have been isolated and char-
acterized by Zhao and Dixon (2009). Orthologs of BANYULS,
FIGURE 1 |The structure of (A) the oilseed rape seed, (B) the barley
caryopsis, and (C) the tobacco seed. em, embryo; es, endosperm; tc,
endosperm transfer cell; ii, endothelium; les, liquid endosperm; vb, main
vascular bundle; np, nucellar projection; oi, outer integument; pe, pericarp;
sc, seed coat. Bars: 0.5 mm.
which encodes anthocyanidin reductase (Albert et al., 1997), have
been identiﬁed in oilseed rape and its close relatives Brassica rapa
and B. oleracea (Auger et al., 2010). The transcriptional regula-
tion of ﬂavonoid metabolism is less well understood in legumes
and cereals, perhaps because the genes underlying PA synthe-
sis have been lost during domestication, with the result that
white-seededness is commonplace in these taxa. Consequently,
in contrast to its wild relatives, cultivated barley (similarly to rice
and wheat) does not accumulate substantial amounts of PA (Sang,
2009). The relationship of secondary PA metabolism with both
developmental regulation and the stress response has the poten-
tial to contribute signiﬁcantly to future crop improvement and is
being investigated by a number of research groups (Debeaujon
et al., 2000; Bassoi and Flintham, 2005; Lepiniec et al., 2006; Gao
et al., 2013).
Elucidation of the development of theA. thaliana outer integu-
ments has relied on mutants that produce either less mucilage
than the wild type or those which produce mucilage of a differ-
ent composition. Both regulatory and structural genes have been
recognized (Haughn and Chaudhury, 2005; Arsovski et al., 2010;
Haughn andWestern,2012). The set ofWDrepeat, bHLHandmyb
transcription factors that regulate outer integument development
partially overlaps with the factors controlling trichome initia-
tion and development, the regulation of anthocyanin production
and endothelial development, although the relevant interaction
partners are distinct (Schiefelbein, 2003; Bernhardt et al., 2005;
Haughn and Chaudhury, 2005; Gonzalez et al., 2008). For exam-
ple, outer integument differentiation is controlled by the proteins
TTG1, myb5/TT2, and TT8/EGL3, which also drive the tran-
scription of ABE1, ABE4, GH, GL2, and mybL2 (Gonzalez et al.,
2008; Li et al., 2009). The A. thaliana model has been informa-
tive for understanding the molecular basis of the synthesis of
cotton ﬁbers, which arise from the epidermal cells of the outer
integument and are distributed all over the seed’s surface (Lee
et al., 2007; Liu et al., 2012; Ruan, 2013). Several of the regulatory
genes involved in ﬁber initiation have proven to be homologs of
A. thaliana genes (e.g., TTG1 and GL2) responsible for trichome
formation and the differentiation of the outer integument. The
current understanding is that a transcriptional myb/bHLH/WD
repeat complex is required for this initiation process (Yang and Ye,
2013). A full understanding of the regulatorymachinery operating
in the epidermal cells will aid in achieving further improvement
in a number of cotton seed traits (Yan et al., 2009; Efe et al., 2010)
as well as the development of sustainable means of processing
seeds and the ﬁbers (Kimmel and Day, 2001; Stiff and Haigler,
2012).
NO LIFE WITHOUT PROTECTION
In many seeds, the epidermal layer of the seed coat generates a
cuticle which represents a physical barrier between the seed and
its external environment. Neither viruses nor bacteria are able
to penetrate an intact mature seed cuticle (Singh and Mathur,
2004; Gergerich and Dolja, 2006). The only entry points into
a mature seed of this type for a pathogen are the micropyle –
which represents the point of entry of the pollen tube – and the
funiculus, which links the maternal vascular system to the seed
integument. The immature seed coat is less robust, so it offers
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less protection against pathogen penetration, which can occur via
either the ovary wall or the stigma. Mechanically damaged cuticles
offer an alternative path for pathogen invasion (Singh andMathur,
2004). Integrity of seed coat surface is extremely important for
seed quality and ﬁtness during seed storage or germination, and
diverse technologies are available for preserving and enhancing of
seed surface (Black and Halmer, 2006; Brooker et al., 2007).
An additional layer of protection is provided in certain seeds
by the deposition of toxic compounds such as cyanogenic glyco-
sides, terpenoids, and ﬂavonoids. The issue of seed coat chemistry
has especial resonance in relation to the presence of glucosinolates
in brassicaceous crops (Bohinc et al., 2012). The accumulation
of phenolics in plant tissues is considered to be an adaptive
response to adverse environmental conditions (Lattanzio et al.,
2006; Vermerris and Nicholson, 2007).
Since plants lack mobile defender cells, they are forced to rely
on the innate immunity of every cell and on the production of
signal molecules by invaded cells and their subsequent sensing
(Jones and Dangl, 2006). The small and highly stable cysteine-
rich peptides referred to as defensins actively inhibit pathogen
invasion in both plants and animals (Stotz et al., 2009). Defensins
genes induced by pathogen infection have been identiﬁed in a
number of plant species (Thomma et al., 2002; Lay and Anderson,
2005; Carvalho and Gomes, 2009). Their products are concen-
trated mainly in the peripheral/bordering cells, as typiﬁed in
barley and rice (Kovalchuk et al., 2010), and are released fol-
lowing tissue damage (Thomma et al., 2002; Lay and Anderson,
2005). Defensin production can also be promoted by certain
abiotic stress agents, and also by exposing plants to the phy-
tohormones methyl jasmonate, ethylene, or salicylic acid (Lay
and Anderson, 2005). The expression of defensins in response
to a variety of biotic and abiotic stimuli implies the possibil-
ity of cross-talk between distinct signal transduction pathways
and gene expression programs involved in cellular signaling and
growth regulation (Hanks et al., 2005; Okuda et al., 2009). Plant
defensins have become the focus of a considerable body of biotech-
nological research (Carvalho and Gomes, 2009; Kovalchuk et al.,
2010).
The barrier function of the seed coat does not extend to gases,
since it is in most cases at least semi-permeable (Welbaum and
Bradford, 1990; Beresniewicz et al., 1995). The seed coat epider-
mis in themature seed features no, or at best only scarce, functional
stomata (Cochrane and Duffus, 1979; Geisler and Sack, 2002). In
conjunction with the chemical composition of the cuticle, this
implies a rather limited capacity for gas exchange (Nutbeam and
Duffus, 1978; Sinclair et al., 1987; Sinclair, 1988). It was already
demonstrated some 40 years ago that most of the gas exchange
activity occurring within the pea seed is located in the micropylar
region (Wager, 1974). The diffusivity of carbon dioxide through
plant tissue is much higher than that of oxygen, since (unlike oxy-
gen) carbon dioxide is readily soluble in water and so can move
from cell to cell in the form of the carbonate ion. The presence
of gas-ﬁlled intercellular spaces is therefore likely to be essential
for translocation of oxygen within the seed. Synchrotron X-ray
computer tomography has identiﬁed such spaces in the develop-
ing seeds of both A. thaliana (Cloetens et al., 2006) and oilseed
rape in vivo (Verboven et al., 2013). In the latter species, both the
seed coat and the hypocotyl are well supplied with void spaces,
unlike the cotyledons, where the spaces are small and only poorly
inter-connected (Figure 2). In silico modeling has revealed a three
orders of magnitude range in oxygen diffusivity from the seed coat
to particular embryonic tissues (Verboven et al., 2013). The multi-
ple void spaces present in the seed coat suggest that gas exchange is
effectivewithin this part of the seed. There is a lack of any intercon-
nectivity with the embryo, so the seed coat void network is likely
to be autonomous. Both the seed cuticle and the lipid-containing
aleurone layer of the endosperm have been identiﬁed as barri-
ers to oxygen exchange, the former between the seed coat and
external atmosphere and the latter between the seed coat and the
endosperm/embryo. The oxygen pool stored in the voids of oilseed
rape seed is consumed about once per minute. Since the develop-
ing seed has a high respiratory rate, it requires an additional supply
of oxygen to maintain aerobic respiration.
Oxygen micro-sensor measurements made within the seed
of faba bean, pea (Rolletschek et al., 2002, 2003) and soy-
bean (Borisjuk et al., 2005), and within the grains of barley
(Rolletschek et al., 2004), wheat (van Dongen et al., 2004), and
maize (Rolletschek et al., 2005) have established that hypoxia is
the norm. In the developing seed, it may be advantageous to
keep the oxygen level low, because the bioenergetic efﬁciency of
mitochondria is usually increased at low oxygen levels (Gnaiger
et al., 2000). Thus, a low internal oxygen concentration in the
seed may stimulate carbon use efﬁciency. Low oxygen levels help
to avoid the formation of toxic concentrations of reactive oxygen
species, which damage cellular structures and require the expen-
diture of energy for repair (Borisjuk and Rolletschek, 2009). In
maize, the level of expression of detoxiﬁcation genes (encoding
glutathione S-transferase, superoxide dismutase, and ascorbate
peroxidase) decreases during grain development (Méchin et al.,
2007), consistent with a reduction in oxygen availability. To sum-
marize, maintaining a low oxygen level within the seed has been
proposed to provide a means for the developing seed to control
the local level of metabolic activity (Borisjuk and Rolletschek,
2009). Deepwithin themature seed, the inhibition of gas exchange
can generate a state of near-anoxia, which may help to ensure
the remarkable longevity of seeds (Shen-Miller, 2002). While the
mechanistic basis of seed longevity is not fully understood, an
important component is likely the control of oxidation (Hendry,
1993; Smirnoff, 2010; Bailly and Kranner, 2011). Practical meth-
ods to prolong seed viability in ex situ gene banks exploit this
natural phenomenon by hermetically sealing the seed in order to
maintain a high level of carbon dioxide within; this is combined
with careful drying down and refrigeration, which help to slow
seed metabolism/respiration and suppress oxidation processes
(Kranner et al., 2010).
PERCEIVING ENVIRONMENTAL CUES
The seed coat’s function is simultaneously to protect the embryo
and to transmit information regarding the external environment.
An impenetrable seed coat may help to keep the embryo safe, but
at the same time it would exclude the sensing of environmental
cues. The evolutionary solution to this dilemma is to combine
certain structural features with appropriate levels of metabolic
and photosynthetic activity in the seed coat.
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FIGURE 2 | Experimental measurements and in silico modeling of
oxygen distribution in the developing oilseed rape seed. (A) Oxygen
concentration (blue line) along a transect of the seed, as determined by a
needle micro-sensor. The x axis plots the penetration of the sensor. (B) In
silico modeling of oxygen concentration in the pore spaces of the seed
coat [indicated by arrows in (A)]. (C) Oxygen concentration map
(color-coded). For details see Verboven et al. (2013). hy, hypocotyl; ic, inner
cotyledon; les, liquid endosperm; oc, outer cotyledon; sc, seed coat.
As plant species vary so much with respect to the distribution
and amount of chlorenchyma in their developing seed, it is difﬁcult
to make meaningful generalizations regarding seed photosynthe-
sis. However, out of 19 major crop species, only maize grains
lack chlorophyll (Bewley and Black, 1994). Both the seed coat and
embryo of pea (Tschiersch et al., 2012), soybean (Saito et al., 1989),
oilseed rape (Borisjuk et al., 2013) and faba bean (Rolletschek et al.,
2003) are photosynthetically active during seed development. The
immature caryopsis of barley, wheat, rice and other grasses fea-
tures a photosynthetically active pericarp (Bewley and Black, 1994;
Rolletschek et al., 2004). The site of photosynthetic electron trans-
port coincides with that of chlorophyll (Tschiersch et al., 2012), as
for example in the barley pericarp (Figures 3A,B). When exposed
to light, the chloroplastids (Figure 3C) produce sufﬁcientATP and
NAPDH to meet local energy demand. Given the very short half
life of both ATP and NADPH, it is likely that little long distance
transport occurs from their site of synthesis. Non-photosynthetic
plastids within the pericarp depend entirely on an external supply
of ATP, just as is the case for other non-photosynthetic tissues
(Möhlmann et al., 1994; Möhlmann and Neuhaus, 1997). The
spatial separation between the endosperm and the photosynthet-
ically active pericarp implies that seed photosynthesis does not
make any direct energy contribution to assimilate storage in the
endosperm.
Photosynthetic activity in the seed coat, as in the leaves,
ﬁxes carbon dioxide (Nutbeam and Duffus, 1978; Caley
et al., 1990), and generates oxygen (Rolletschek et al., 2004;
Tschiersch et al., 2012). This process is saturated in seeds at a light
intensity some ﬁvefold below that applicable for leaves. Oxygen
production and carbon dioxide ﬁxation combine to maintain a
FIGURE 3 | Photosynthesis in the barley pericarp. (A) Cross-section of a
grain. (B)The effective quantum yield of photosystem II (FII) across a
cross-section of a 12-day-old caryopsis, measured at a light intensity of
160 μmol quanta m−2 s−1. The scale shows the relationship between the
color and FII. (C) A transmission electron micrograph of seed chlorenchyma
plastids. (D) Chlorophyll auto-ﬂuorescence within the crease region of the
pericarp. (E) Oxygen levels within the caryopsis, as measured by a
micro-sensor. For details seeTschiersch et al. (2012). es, endosperm; g,
grana; np, nucellar projection; p, pericarp; st, starch grain; tc, transfer cell;
vb, vascular bundle.
Frontiers in Plant Science | Plant Evolution and Development October 2014 | Volume 5 | Article 510 | 4
Radchuk and Borisjuk Seed coat functions
consistent gaseous environment within the seed. The effect of
photosynthetic oxygen evolution exceeding the oxygen demand
of the respiring seed coat is an increase in the internal oxygen
level (Patrick et al., 1995; Rolletschek et al., 2002, 2003), which
serves to relieve hypoxic stress and thereby enhances the syn-
thetic activity of the seed (Greenway and Gibbs, 2003; Rolletschek
et al., 2005). Importantly, the tissues through which nutrients
are transported to the endosperm/embryo are oxygen depleted
(Melkus et al., 2011). In the dark, the oxygen level can fall below
0.1%of the ambient atmospheric concentration (Rolletschek et al.,
2011), but the chlorenchyma layer that surrounds the region
ensures that the level of oxygen present is much higher in the
light than this (Figures 3D,E). Both nutrient transport to, and
storage activity within the endosperm rely heavily on respira-
tory energy and thus on a steady supply of photosynthetically
derived oxygen. Experiments tracking the incorporation of labeled
sucrose into starch have shown that the process is stimulated by
both light and oxygen (Gifford and Bremner, 1981), underlin-
ing the dependence of storage activity on a supply of oxygen.
Similarly, assimilate supply to the dicotyledonous seed is also
oxygen-dependent, as shown by phloem unloading experiments
(Thorne, 1982).
The seed coat’s high rate of respiration, along with its low per-
meability with respect to carbon dioxide, contributes to elevating
the seed’s internal level of carbon dioxide. However, high con-
centrations of carbon dioxide do promote phosphoenolpyruvate
carboxylase activity, which serves to encourage carbon dioxide re-
ﬁxation and so restricts its loss (Wager, 1974; Harvey et al., 1976;
Flinn, 1985; Araus et al., 1993; Golombek et al., 1998). Limiting
carbon dioxide loss in this way can make an important contri-
bution to the seed’s overall carbon budget (Vigeolas et al., 2003;
Rolletschek et al., 2004). In addition, re-ﬁxation of carbon dioxide
is mediated by Rubisco activity during photosynthesis (Goffman
et al., 2004; Ruuska et al., 2004). The seed’s rate of carbon dioxide
uptake from the atmosphere is much lower than the leaf ’s (Brar
and Thies, 1977; Watson and Duffus, 1988), in line with both a
lower activity of photosynthesis-associated enzymes (Duffus and
Rosie, 1973) and a limited rate of metabolic turn-over (Schwender
and Ohlrogge, 2002; Sriram et al., 2004). Critical factors should be
considered such as (1) the low density of stomata on the surface
of the developing seed, and (2) the low amount of chlorenchyma.
Most relevant experiments have disregarded the re-assimilation of
internally produced CO2 and hence probably underestimated the
actual sizes of the occurring ﬂuxes (Araus et al., 1993). Neverthe-
less, the generally held conclusion still stands that the contribution
of seed photosynthesis to dry matter production (via net CO2
ﬁxation) is low.
One likely hypothesis regarding the evolutionary signiﬁcance
of retaining photosynthetic capacity in the seed coat suggests that
the interception and processing of light by the seed coat gives the
seed the means to sense its external environment, which is inte-
grated with the hormonal, metabolic, and other signals brought
to the seed through the phloem. Assimilate generated in the leaf
is exported into the phloem in the form of sugar. The developing
seed can beneﬁt from the capacity to anticipate a burst of sugar
arriving via the phloem, since this would facilitate the seed’s rapid
adjustment to its synthesis of storage products. Photosynthesis has
amarked effect on the entrainment andmaintenance of robust cir-
cadian rhythms (Haydon et al., 2013). In this way, the retention
of seed photosynthesis can provide a means of tuning the seed’s
metabolism to the quantity and quality of the light available to the
mother plant.
HIGHWAYS AND BYWAYS TRAVELED DURING SOLUTE
TRANSFER
Assimilates produced by the mother plant are delivered to the
developing seed via the same conduit, the vascular system, which
brings hormonal signals and the necessary protein- and RNA-
based messages. Collectively, this enables the coordination of
physiological and developmental processes at the whole organ-
ism level (van Bel et al., 2013). As the vascular system does not
extend beyond the seed coat (Patrick et al., 1995), the embryo
and the endosperm are apoplastically isolated from the mother
plant and are therefore somewhat autonomous. Several path-
ways for nutrient ﬂow are available, depending on seed size and
structure. The smallest seeds (orchid seeds can be as small as
200 μm in diameter) have no vascular structure; rather, the
zygote forms a haustorium which extends toward the terminus
of the mother plant’s vascular system. Slightly larger seeds form
a bundle of pro-vascular elements. Medium-sized seeds develop a
simple, well developed collateral bundle (van Dongen et al., 2003).
Finally, in large-seeded species, the vascular bundle is bulky
enough to anastomose, thereby allowing for the distribution
of nutrients throughout the seed (Vinogradova and Falaleev,
2012). In the A. thaliana seed, the vascular tissue terminates
at the junction of the funiculus and ovule, and in the maize
kernel, the vascular bundle terminates at the placenta–chalazal
region (Figure 4A; Dermastia et al., 2009; Gómez et al., 2009;
Costa et al., 2012). In contrast, wheat, barley and rice grains
form a vascular system that extends over the whole length of
the grain (Figure 4B; Sreenivasulu et al., 2010). The vascular
architecture of Fabaceae species seeds is highly variable, rang-
ing from a single chalazal vein in the Viciae and Trifolieae
to an extensive anastomosed arrangement in the Phaseoleae
(Figure 4C; van Dongen et al., 2003; Weber et al., 2005; Verdier
et al., 2013).
Vascular structures are typically embedded within parenchy-
matous tissue. Adjacent parenchyma cells are interconnected by
plasmodesmata, forming a symplastic continuum (domain). The
plasmodesmata within these domains are larger than elsewhere
in the seed (Ruan and Patrick, 1995; Oparka et al., 1999; Stadler
et al., 2005a,b), which facilitates the movement of small molecules
such as sugars and peptides. The maternal symplasm represents
the major route for nutrients to reach the seed (Wang and Fisher,
1994; Borisjuk et al., 2002; van Dongen et al., 2003). InA. thaliana,
each integument forms an independent symplasm (Stadler et al.,
2005a; Ingram, 2010), which acts as an extension of the phloem
(Stadler et al., 2005a,b). In common bean, faba bean, and pea,
assimilate unloading sites are distributed throughout the seed
coat parenchyma, with the possible exception of the branched
parenchyma (Patrick and Ofﬂer, 1995). In the small grain crops,
the nucellar projection is the focus of a well organized transport
route. The cellular architecture of the nucellar projection has been
described in wheat (Wang and Fisher, 1994) and barley (Thiel
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FIGURE 4 |The vascular bundle (thick red lines) and post phloem
routes (thin red arrows) of solute transfer in (A) maize, (B) barley, and
(C) pea.The yellow line indicates the outer surface of the endosperm and
the black stripes indicate the maternal–ﬁlial interface. (D)The monitoring of
sucrose allocation (indicated by color code) resulting from a 12-hour period
of feeding with 13C sucrose to the stem at the onset of seed ﬁlling stage in
barley. The time elapsed since the beginning of the feeding is shown. For
details see Melkus et al. (2011). em, embryo; es, endosperm; pe, pericarp.
et al., 2008; Melkus et al., 2011). A characteristic feature of tissues
adjacent to the nutrient transport route is the presence of multiple
symplastic junctions, large intercellular spaces and cell wall invagi-
nations. The cells of the nucellar projection are extended toward
the endosperm, thereby directing the ﬂow of nutrients into the
seed.With the exception of the crease region, a thick cuticular layer
borders the pericarp and encloses the whole endosperm. In rice,
two routes have been identiﬁed for nutrients to reach the devel-
oping grain: one is analogous to the nucellar projection, while the
second passes through the nucellar epidermis (Oparka and Gates,
1981; Krishnan and Dayanandan, 2003).
The structure of the seed impedes the direct visualization of the
site of the interaction between maternal and ﬁlial tissue. Various
dyes and ﬂuorescence- or isotope-labeled substances have been
employed to follow nutrient (mainly sucrose) transport (Fisher
andCash-Clark, 2000; Stadler et al., 2005a,b). However, this exper-
imental approach has the major disadvantage of being destructive.
Invasive methods inevitably risk inducing artifacts with respect to
both metabolite distribution and enzymatic activity. Non-invasive
technologies, in the form of biosensors or imaging platforms like
Foerster resonance energy transfer (FRET), Positron Emissions
Tomographie (PET), and nuclear magnetic resonance (NMR)
provide potentially superior alternatives (Frommer et al., 2009;
Jahnke et al., 2009; Borisjuk et al., 2012). Real-time information
on signaling and metabolite levels with subcellular granularity
can be obtained in vivo with the help of genetically encoded
FRET nanosensors (Frommer et al., 2009). PET does appear to
be an appropriate platform for in planta analysis (Jahnke et al.,
2009). When 11C is the target isotope, its spatial resolution of
1.4 mm (Phelps, 2004) suits it for the study of long distance
translocation. NMR – and especially 13C NMR – is less sensi-
tive than PET, but it delivers a ﬁvefold higher level of in-plane
resolution than PET, and can be used for real time monitor-
ing (Melkus et al., 2011). The dynamic NMR-based imaging of
sucrose in barley seed was integrated with ﬂux balance analy-
sis (FBA), which operated with more than 250 biochemical and
transport reactions occurring in the cytosol, mitochondrium,
plastid, and extracellular space. This approach has helped to
unravel the complex biochemical processes affecting sucrose dis-
tribution in the grain (Melkus et al., 2011; Rolletschek et al.,
2011).
DELIVERING NUTRIENTS ACROSS THE MATERNAL–FILIAL
INTERFACE
Some experimental evidence has been obtained to support the
view that the delivery of metabolites to the embryo bypasses
the endosperm (Yeung and Meinke, 1993; Weijers et al., 2003;
Stadler et al., 2005a; Morley-Smith et al., 2008; Ungru et al., 2008;
Pignocchi et al., 2009). However, other data suggest that the pro-
cess is, in fact, mediated by the endosperm, largely because
compromised endosperm development is so often associated with
aberrant embryo growth (Chaudhury et al., 2001; Choi et al., 2002;
Garcia et al., 2005; Ingouff et al., 2006). In either case, the inter-
generational transfer of materials occurs via the apoplastic space.
The specialized cellular structures developed at the tissue mar-
gins coordinate nutrient delivery from the seed coat into the seed
itself. Transfer cells develop invaginated cell walls, thereby increas-
ing the surface area of their plasma membrane and hence their
capacity to transport nutrients (Andriunas et al., 2013). Nutri-
ent transporters such as sucrose transporter 1 (Weber et al., 2005;
Melkus et al., 2009) and amino acid permease 1 (AAP1; Tegeder,
2014) are typically present in both maternal and ﬁlial cells. Often
they appear as tissue-speciﬁc isoforms: examples are the tono-
plast intristic proteins (TIPs) for water (Gattolin et al., 2010)
and Siliques Are Red 1 (SIAR1) for amino acids (Ladwig et al.,
2012); some can change from efﬂux to inﬂux mode in response
to metabolic signals (Ladwig et al., 2012). The transfer cells posi-
tioned on either side of the apoplast (Zhang et al., 2007) act as the
gateway for nutrient ﬂow, as demonstrated in vivo by NMR in the
barley caryopsis (Figure 4D; Melkus et al., 2011; Rolletschek et al.,
2011).
The maternally located efﬂux transfer cells are responsible for
the release of nutrients into the apoplast, and form cell wall
ingrowths which direct the ﬂow toward the seed (Stadler et al.,
2005b; Zhang et al., 2007). The plasma membranes in these cells
are enriched with respect to aquaporins, membrane transporters,
and channels for sugars, amino acids and peptides, inorganic
ions, and other compounds (Zhang et al., 2007; Thiel et al., 2008;
Bihmidine et al., 2013). These efﬂux cells, like the cells of the
barley and wheat nucellar projections, typically undergo pro-
grammed cell death (PCD; Zhou et al., 2009; Radchuk et al.,
2011), which contributes to nutrient transfer to the ﬁlial tissue.
In the maize seed coat placenta–chalazal region, PCD is coor-
dinated with endosperm cellularization and is completed prior
to the beginning of the storage phase. In this way, PCD func-
tions as an adaptive process to facilitate the passage of solutes
(Kladnik et al., 2004). In barley, the extensive vacuolization of cells
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in the nucellar projection allows for the transient accumulation of
sucrose, which is released together with the complete cell contents
to the apoplast after cell disintegration. A defective nucellar pro-
jection compromises nutrient ﬂow into the endosperm, resulting
in a reduction in ﬁnal grain size (Radchuk et al., 2006; Melkus
et al., 2011; Yin and Xue, 2012). Although important for the seed’s
fate, the identity, and mechanics of efﬂux constituents and trans-
porters are only poorly understood (Braun, 2012; Patrick et al.,
2013).
The inﬂux transfer cells inmonocotyledonous species lie on the
surface of the endosperm, directly opposite the maternal unload-
ing site (Thiel et al., 2008; Monjardino et al., 2013; Lopato et al.,
2014). The development and function of these transfer cells have
been comprehensively and recently reviewed (Lopato et al., 2014;
Thiel, 2014). In dicotyledonous species, the transfer cells usually
face the seed coat (Borisjuk et al., 2002; Ofﬂer et al., 2003; Olsen,
2004). A delay in the trans-differentiation of the embryonic epi-
dermal cells to form transfer cells in the pea mutant E2748 has a
negative impact on embryo growth and seed viability (Borisjuk
et al., 2002). Maize grains defective for the formation of basal
endosperm transfer cells exhibit a shrunken kernel phenotype,
as exhibited in the mutants reduced grain ﬁlling 1 (Maitz et al.,
2000), globby1 (Costa et al., 2003), baseless1 (Gutiérrez-Marcos
et al., 2006), empty pericarp 4 (Gutiérrez-Marcos et al., 2007), and
miniature1 (Kang et al., 2009).
The coordinated differentiation of opposing transfer cells
requires a functional interaction between them, so presumably
relies on an effective signaling mechanism. How this interac-
tion operates is unclear, but a possible sequence of events has
been suggested by Weber et al. (2005) and Andriunas et al. (2013).
In the dicotyledonous seed, the expanding cotyledon makes
contact with the seed coat, after which the innermost thin-
walled parenchyma cells are gradually crushed (Ofﬂer et al., 1989;
Harrington et al., 1997). The stress, akin to wounding,may induce
an ethylene burst (Harrington et al., 1997; Zhou et al., 2010). In
response, a secondary ethylene burst in the adjacent embryo cells
could be mediated by the auto-regulated expression of 1-amino-
cyclopropane-1-carboxylic (ACC) synthase (Chang et al., 2008).
The process initiates the trans-differentiation of epidermal cells
into transfer cells (Zhou et al., 2010). Crushing of the seed coat
is also coupled with a decrease in the activity of extracellular
seed coat-speciﬁc invertase (Weber et al., 1996a,b), which leads
to a local reduction in the level of intracellular glucose (Borisjuk
et al., 1998). The lowered glucose level, sensed via a hexokinase-
dependent pathway, removes the glucose-induced repression of
ethylene-insensitive 3 (EIN3) and triggers an ethylene-signaling
cascade, driving transfer cell differentiation (Dibley et al., 2009;
Andriunas et al., 2011). As shown in both in vitro and in vivo
experiments, transfer cell formation across a wide range of plant
species involves an interaction between phytohormones, sugar,
and reactive oxygen species (Dibley et al., 2009; Forestan et al.,
2010; Zhou et al., 2010; Andriunas et al., 2012; Xia et al., 2012).
The signals and signaling pathways responsible for the induction
of transfer cell formation may be conserved across the mono-
cotyledon/dicotyledon divide (Andriunas et al., 2013). When the
promoter of the maize transfer cell-speciﬁc transcription fac-
tor ZmMRP1 (Gómez et al., 2009) was fused to a GUS reporter
gene and inserted into maize, A. thaliana, tobacco, and barley,
GUS activity could be identiﬁed in regions of active transport
between source and sink tissues in each of these species (Barrero
et al., 2009), supporting the idea that the processes involved in
transfer cell differentiation are similar across a diversity of plant
species, and that differentiation is initiated by conserved induction
signals.
COMMUNICATING BETWEEN ADJACENT SEED
COMPARTMENTS
Coordination of seed development clearly requires communi-
cation between seed compartments, and in particular a level
of feedback between the seed coat and the endosperm/embryo.
Transporters localized at the embryo surface seem to be regulated
by the metabolite concentrations present in the seed apoplast, but
it is unclear how these transporters contribute to coordinating
carbon partitioning between the maternal and ﬁlial tissues of the
seed. For example, storage protein synthesis in the A. thaliana
embryo and ﬁnal seed weight depend on nitrogen availability and
are mediated by AAP1, which is expressed in both the embryo and
the seed coat. In both the seed coat and the endosperm of the
aap1 loss-of-function mutant, amino acid levels are higher than in
the wild type, whereas in the embryo, the content of storage pro-
teins and carbohydrate is lower (Sanders et al., 2009). Similarly,
phloem amino acid concentrations regulate nitrogen loading into
the oilseed rape seed (Lohaus and Moellers, 2000; Tilsner et al.,
2005; Tegeder, 2014).
Nutrient release from the seed coat needs to be precisely tuned
via a fast and sensitive mechanism such as, for example, cell turgor,
which directly depends on the activity of vacuolar sucrose trans-
porters (Walker et al., 2000). A turgor-homeostatic mechanism in
the seed coat could sense a loss of solute from the seed apoplast and
then could act to balance this by adjusting efﬂux activity (Patrick
and Ofﬂer, 2001). The growth of the endosperm, therefore, may
trigger a feedback signal to the seed coat, which is then transmit-
ted via a calcium signaling cascade (Zhang et al., 2007) to drive
cell elongation. Such a mechanism could allow the endosperm
to coordinate aspects of seed development (Borisjuk et al., 2002;
Melkus et al., 2009).
Sucrose, hexoses, and amino acids can all provide a regulatory
signal (Koch, 2004; Weber et al., 2005; Ruan et al., 2010). Sugar
responsiveness is a prominent feature of genes contributing to
the sink strength of developing organs, and provides an impor-
tant mechanism for sink adjustment to source delivery (Xiong
et al., 2013b). A number of genes involved in sucrose metabolism
are up-regulated by sugars (Smidansky et al., 2002; Kang et al.,
2009). As a result, the strongest sink is the one most efﬁciently
up-regulated by the supply of assimilate (Bihmidine et al., 2013).
A balancing via down-regulation is also feasible (Kang et al., 2009).
An invertase prominent in regulating sucrose unloading (Cheng
et al., 1996; Weber et al., 2005; Chourey et al., 2011) has been pro-
posed to enhance sugar signaling in the context of establishing
assimilate sinks (Weber et al., 1996a, 2005; Ruan et al., 2010; Aoki
et al., 2012). The expression of the myb-like transcription factor
ZmMRP-1, a key regulator of transfer cell differentiation (Gómez
et al., 2009), is modulated by various carbohydrates, with glucose
being the most effective inducer (Barrero et al., 2009). ZmMRP1
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transcriptionally activates a number of transfer cell-speciﬁc genes
in the maize endosperm (Gómez et al., 2002); one of these is
Meg1, which encodes a small cysteine-rich peptide localizing to
the plasma membrane of differentiating endosperm transfer cells,
where it regulates the expression of cell wall invertase 2 (Costa et al.,
2012). The strong maternal inﬂuence over placental-like functions
is conferred by genomic imprinting, which has been attributed
to maternal–ﬁlial co-adaptation (Wolf and Hager, 2006; Gehring
et al., 2009). Meg1 is one of more than a hundred imprinted genes
active in the endosperm (Raissig et al., 2011; Waters et al., 2011;
Wolff et al., 2011; Zhang et al., 2011), and is the ﬁrst to have been
identiﬁed as having a role in regulating the ﬂow of nutrients to the
embryo (Costa et al., 2012). Meg1 also acts in tripartite (seed coat-
endosperm-embryo) interaction and regulates maternal nutrient
uptake, sucrose partitioning, and seed weight.
MAINTAINING A LEVEL OF CONTROL OVER SEED SIZE
The developing maternal tissue has an effect on endosperm ﬁll-
ing and thus also ﬁnal seed size. Several genes associated with
seed size in A. thaliana are expressed in the seed coat (Haughn
and Chaudhury, 2005; Roszak and Köhler, 2011). Among them
are the transcription factors ARF2/MNT [which restricts seed
size by suppressing cell proliferation in the integuments (Schruff
et al., 2006; Li et al., 2008)], AP2 (Jofuku et al., 2005; Ohto
et al., 2005, 2009), TTG2 and EOD3/CYP78A6, which control cell
expansion in the integuments (Garcia et al., 2005; Ohto et al.,
2009; Fang et al., 2012) and KLUH/CYTOCHROME P450 78A5,
which stimulates cell proliferation in the endothelium. The up-
regulation of KLUH increases seed size, produces larger seedlings
and increases seed oil content (Adamski et al., 2009). NARS1
and NARS2 are expressed in the outer integument, acting redun-
dantly to regulate seed shape and embryogenesis (Kunieda et al.,
2008); the seed of the nars1 nars2 double mutant are abnormally
shaped.
At least 400 quantitative trait loci (QTL) related to grain size
have been identiﬁed in rice and candidate genes have been iden-
tiﬁed for some of these (Huang et al., 2013). Dwarf1 is strongly
transcribed in the early developing pericarp and only weakly in
the endosperm (Izawa et al., 2010). This gene encodes the α sub-
unit of the heterotrimeric G protein (Ashikari et al., 1999; Fujisawa
et al., 1999), which is suspected of controlling cell number, since
its loss-of-function mutant displays a ubiquitous reduction in cell
number (Izawa et al., 2010). A second candidate gene, gif1, encodes
a cell wall invertase required for carbon partitioning during early
grain ﬁlling (Wang et al., 2008). Its transcript is only detectable
in the (maternal) vascular tissue, suggesting that its role is asso-
ciated with sucrose unloading (Wang et al., 2008). The expansion
of parenchymatous cell layers seen in a faba bean accession (large-
versus small-seeded) may reﬂect the activity of cell wall invertase 1
(Weber et al., 1996a).
Several factors involved in ubiquitin-related activity have been
shown to inﬂuence seed size (Li and Li, 2014). In rice, a
ubiquitous RING-type protein displaying E3 ubiquitin ligase
activity (encoded by GW2) negatively regulates grain size by
restricting cell division. Its loss-of-function mutant forms an
enlarged spikelet hull, which allows for a greater contact area
between the endosperm and the seed coat (Song et al., 2007).
An uncharacterized protein, encoded by a candidate gene for
a QTL for seed width mapping to chromosome 5, interacts
with polyubiquitin, and acts to limit grain size, possibly by its
involvement in the ubiquitin-proteasome pathway (Weng et al.,
2008). However, because ubiquitin-related genes are so widely
expressed – includingwithin the endosperm– it is unclearwhether
their function is exclusively under maternal control. The A.
thaliana gene DA2 is a homolog of GW2; it acts in the maternal
tissue to restrict the growth of the seed. The da1 mutant pro-
duced larger and heavier seeds then wild type (“da”means “large”
in Chinese; Li et al., 2008). The growth-restricting factor DA1 is
an ubiquitin receptor which determines ﬁnal seed size by restrict-
ing the period of integument cell proliferation (Li et al., 2008; Xia
et al., 2013). The gene underlying a major grain length QTL in
rice encodes a putative phosphatase 2A-type protein harboring
a Kelch-like repeat domain. Its effect is manifested by inducing
a higher cell density on the outer surface of the glumes and the
ovary (Zhang et al., 2012).
The inﬂuence of the maternal tissue on caryopsis size has been
well documented in cereals, although quite how this is achieved
at the molecular and metabolic level remains unresolved (Huang
et al., 2013). The extensive synteny and conserved gene structure
among cereals has allowed much of the knowledge gained from
rice to be exploited in crops such as maize, wheat, and barley. In
particular, orthologs of GW2 have been identiﬁed in both wheat
(Su et al., 2011) and maize (Li et al., 2010).
SMALL PROVISIONS FOR GOOD REASON
At an early developmental stage, the seed coat in dicots, and the
pericarp in monocots accumulate a signiﬁcant amount of starch
(Figure 5). In A. thaliana, oilseed rape, and pea, starch accumula-
tion occurs in the cells of the outer integument during the growth
phase (Abirached-Darmency et al., 2005; Haughn andChaudhury,
2005; Borisjuk et al., 2013). In the A. thaliana seed coat, the most
abundant transcript level of the genes encoding starch synthesis
enzymes are observed during the pre-globular and globular devel-
opmental stages (Khan et al., 2014). Starch granules in the chalazal
part of the seed coat are smaller and less abundant than in the distal
part, a trait which is mirrored by a differential starch synthesiz-
ing enzyme transcript proﬁle (Khan et al., 2014). In M. truncatula,
an abundance of starch granules accumulates transiently in the
seed coat from the embryo heart stage all the way up to mid-
maturation (Verdier et al., 2013). Based on the behavior of pea
seeds lacking ADP-Glc pyrophosphorylase activity, it appears that
transiently produced starch is required for sink acquisition, maxi-
mal embryo growth andﬁnal seed size (Rochat et al., 1995;Vigeolas
et al., 2004). The role of this transient starch is not completely clear.
Young maternal tissue may perhaps have evoloved a starch stor-
age function to ensure a sufﬁcient assimilate sink strength, which
becomes redundant once the growing seed’s own sink is estab-
lished (Radchuk et al., 2009). Accumulating assimilate in the form
of starch is energetically highly efﬁcient (Schwender, 2008), so it is
unsurprising that the transient maternal sink accumulates starch
rather than protein or lipid.
Transient starch is utilized for the growth and development
of the maternal tissue (Xiong et al., 2013a), for example, by pro-
viding a source of carbohydrate to reinforce the cell wall with
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FIGURE 5 |Transient starch accumulation in the maternal tissues of
the barley caryopsis and the oilseed rape seed. (A)Transient starch
accumulation (visualized in black by iodine staining) in the pericarp of the
developing barley caryopsis at (B) 2, (C) 8, and (D) 14 days after
fertilization. The pericarp is indicated by arrows. For details see Radchuk
et al. (2009). (E–G) Starch in the seed coat of young and maturing seeds of
oilseed rape. For details see Borisjuk et al. (2013). em, embryo; es,
endosperm; np, nucellar projection; pe, pericarp; sc, seed coat.
pectinaceousmucilage (Khan et al., 2014). Itmay also help support
the growth of the endosperm and embryo (Radchuk et al., 2009;
Verdier et al., 2013). In Zingiberales and Caryophyllales species, the
nucellus, rather than degenerating, accumulates large amounts
of starch (López-Fernández and Maldonado, 2013), forming a
so-called perisperm which persists until the seed is mature. In
quinoa and the grain amaranth, the perisperm consists of dead,
thin-walled cells completely ﬁlled with starch granules, produc-
ing a structure which strongly resembles the cereal endosperm
(López-Fernández and Maldonado, 2013).
The synthesis of transient starch is performed by a similar set
of genes as is used in the leaf (Radchuk et al., 2009). Its mode of
breakdown in the cereal pericarp is distinct between living and
dying cells. In living chlorenchyma cells, it most likely occurs via a
pathway similar to that followed in the photosynthesizing leaf; this
involves the phosphorylation of the starch granule surface,making
it accessible for the degrading enzyme β-amylase. Plastid-localized
BAM5, BAM6, and BAM7 β-amylases are thought to produce
maltose, acting either at the granule surface or on linear malto-
oligosaccharides. The action of iso-amylase 3 on the granule, on
the other hand, releases soluble malto-oligosaccharides, which can
be metabolized by disproportionating enzyme 1 (DPE1), liber-
ating glucose, and larger malto-oligosaccharides for continued
degradation. After its transport to the cytosol, maltose can be
further converted to glucose by DPE2. In dying cells, the mode
of starch breakdown resembles that occuring in the germinating
grain, which requires a combination of α- and β-amylase activity.
AMY1 is active in the pericarp and nucellar tissue of a develop-
ing grain and is responsible for most of the α-amylase activity
seen in germinating grains (Radchuk et al., 2009). A plausible
starch degradation pathway in dying pericarp cells involves the
joint activity of AMY1 and AMY4. Linear malto-oligosaccharides
released by the action of these enzymes should provide an appro-
priate substrate for β-amylase 2. The molecular identity of the
gene/enzyme responsible for the conversion of maltose to glucose
remains to be identiﬁed.
Seed coat tissues may also serve as a transient depot for pro-
teins andmicroelements. In faba bean, the storage protein legumin
B is deposited in the seed coat at mid-embryogenesis (Panitz
et al., 1995), while the wheat pericarp and nucellus accumulate
signiﬁcant quantities of calcium, copper, iron,molybdenum,mag-
nesium, manganese, and phosphorus (Wu et al., 2013; Xiong et al.,
2013a). The physiological signiﬁcance of this accumulation has
not yet been elucidated.
DYING QUIETLY
Because cell division in the maternal tissue ceases soon after fer-
tilization, further enlargement only occurs through cell expansion
(Radchuk et al., 2011; Figueiredo and Köhler, 2014). The rapid
growth of the endosperm and embryo requires the triggering of
PCD to remove maternal cells in order to allow seed expansion.
In both dicotyledonous and monocotyledonous seeds, the early
stages of endosperm expansion are at the expense of the nucel-
lus (Domínguez et al., 2001; Greenwood et al., 2005; Lombardi
et al., 2007; Zhou et al., 2009; Radchuk et al., 2011). After the
cereal nucellus has degenerated, the next tissue to undergo PCD
is the pericarp, starting from its innermost cell layer (Radchuk
et al., 2011). The chlorenchyma is retained in a viable, func-
tional state almost up to physiological maturity. In A. thaliana
and the castor oil plant, PCD occurs ﬁrst in the endosperm and
later in the integuments (Greenwood et al., 2005; Nakaune et al.,
2005).
As in animal cells, the molecular basis for PCD in plants relies
on caspase-like activity. Although no caspase homologs have been
identiﬁed in plants, plants do harbor proteases sharing some
similarity to animal caspases. Caspase-1-like, caspase-3-like, and
caspase-6-like activities have all been detected in the degenerating
chayote (Sechium edule) nucellus (Lombardi et al., 2007). Vacuo-
lar processing enzyme (VPE, also referred to as legumain) has
caspase-1-like activities (Hara-Nishimura et al., 2005), while phy-
taspase possesses caspase-6-like activity (Chichkova et al., 2010).
A seed speciﬁc δVPE produced by A. thaliana is present in the
two inner cell layers of the seed coat. In a mutant defective for
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δVPE, PCD is delayed and the seed coat remains thick through-
out development. In contrast, in the wild type, the two layers
undergo PCD very early during seed development, reducing their
thickness by more than 50% (Nakaune et al., 2005). The spatial
and temporal patterns of HvVPE4 transcription coincides with
the onset of PCD in the barley pericarp (Radchuk et al., 2011).
The product of HvVPE2a (also called nucellain), together with
those of HvVPE2b, HvVPE2c, and HvVPE2d, are important for
the timely degeneration of the nucellus and the nucellar projection
(Linnestad et al., 1998; Radchuk et al., 2011). HvVPE2b possesses
caspase-1 like activity (Julián et al., 2013). The supposed role of the
barley VPEs in grain development still requires experimental con-
ﬁrmation. Novel technologies (Tsiatsiani et al., 2012) might help
to identify the target(s) of VPE.
A large number of proteases are present in degenerating mater-
nal tissue, some of which may be active components of PCD
(Sreenivasulu et al., 2006; Thiel et al., 2008). The ricinosome, a
castor oil plant speciﬁc organelle, contains a large quantity of a
pro-cysteine endopeptidase (CysEP), which serves to disintegrate
the nucellar cells, leaving crushed and folded cell wall residues
in the apoplastic space (Greenwood et al., 2005). Nuclear DNA
fragmentation has been detected in the nucellus of the castor oil
plant (Greenwood et al., 2005), chayote (Lombardi et al., 2007),
barley (Linnestad et al., 1998; Radchuk et al., 2011) and wheat
(Domínguez et al., 2001), as well as in theA. thaliana endothelium
(Nakaune et al., 2005).
The transcription factor OsMADS29 has been described as a
regulator of PCD in the rice nucellus (Yang et al., 2012; Yin and
Xue, 2012). OsMADS29 transcripts are concentrated in the nucel-
lus and the nucellar projection (Yin and Xue, 2012), but are also
detectable in the inner layers of the pericarp, in other maternal
seed tissues and in the embryo (Yang et al., 2012; Nayar et al.,
2013). PCD is slowed in an OsMADS29 knockdown line, lead-
ing to a reduction in starch accumulation in the endosperm and
the production of shrunken or aborted grain (Yin and Xue, 2012).
An alternative role for this transcription factor – in relation to
hormone homeostasis, plastid biogenesis and starch synthesis –
has been suggested by Nayar et al. (2013). OsMADS29 is thought
to bind to the promoters of cysteine protease genes (Yin and
Xue, 2012). The down-regulation of OsMADS29 suppresses the
transcription of VPE genes in the grain (Yang et al., 2012). As
yet, however, there is no consensus regarding the localization of
either its transcript or its gene product, its primary target(s) or
its likely function during grain development. The transcription
of its barley homolog, HvMADS29, is restricted to the nucellus
and the nucellar projection and coincides with that of Jekyll and
HvVPE2a. The promoter regions of Jekyll, HvVPE2a, HvVPE2b,
and HvVPE2d contain the same CArG-like regions recognized by
OsMADS29, which implies that they are all transcriptionally reg-
ulated by HvMADS29. Jekyll is a key player in grain development
(Radchuk et al., 2006), and is also active in nurse tissues, where
it mediates the gametophyte-sporophyte interaction in both the
gynoecium and the androecium (Radchuk et al., 2012). Its down-
regulation slows PCD in the nucellus and nucellar projection,
although the mechanistic basis of this effect is unclear. The Jekyll
product, which is unique to Pooideae, is a small, cysteine-rich pro-
tein deposited within the intracellular membranes (Radchuk et al.,
2012). It has no signiﬁcant similarity to other proteases or any
protein of known function, and has no in vitro protease activity.
IMPROVING THE CHANCES OF SEED SURVIVAL
The capacity of the seed coat to limit water loss and to protect
against mechanical damage persists beyond seed maturation. The
mechanical strength of the seed coat is achieved primarily by the
accumulation of sclerenchyma. Cell walls containing lignin, cel-
lulose, and sometimes silica are effective in providing protection
against attacks by fungi, insects, and herbivores (Lanning and
Eleuterius, 1992). Seed coat constituents (e.g., PAs in Brassica
napus) impair the digestibility and are being targeted by genetic
and molecular approaches to improve nutritional value of seeds
(Auger et al., 2010; Yu, 2013).
The seed coat can also contribute to seed dispersion: some
species produce winged seed, where the wing structure is formed
by outgrowths of the seed coat, while others produce hairy seed.
Some of the compounds found on the seed coat have industrial
applications. Under natural conditions, the cotton boll (its ﬁbers
are almost pure cellulose) will tend to increase the dispersion of
the seeds, and indeed the use of cotton for fabric is known to date
to prehistoric times. Genetically modiﬁed cotton has increased
yield, but further improvements are needed (Molina et al., 2008;
Kathage and Qaim, 2012; Ruan, 2013).
The seed coat, along with the endosperm, is the primary
determinant of seed dormancy (Debeaujon et al., 2000; Bethke
et al., 2007; Iglesias-Fernández et al., 2007), which represents a
physiological adaptation to environmental uncertainty (Bewley
et al., 2013). Dormancy dictates the environmental conditions
required to trigger germination (Finch-Savage and Leubner-
Metzger, 2006). The acquisition of seed dormancy is under
complex genetic control, but it is vital as a means of assur-
ing the survival of natural plant populations (Penﬁeld and King,
2009; Graeber et al., 2012). Seed dormancy can be a critical trait
for breeders (Fuller and Allaby, 2009; Gao et al., 2013; Smýkal
et al., 2014) and would represent a prime target for biotechnology
intervention, provided that its regulation were better understood
(Flintham, 2000; Graeber et al., 2012).
A combination of external factors, such as light, temperature,
water, and chemicals play an important role in breaking seed dor-
mancy. Many small seeded species, the seeds of which contain
little stored energy, are triggered to germinate by exposure to
light. In some cases the minimum duration of exposure required
can be measured in milliseconds (Quail, 1997). Phytochromes
represent the main vehicle for seeds to sense light (Smith, 2000;
Mochizuki et al., 2009). The linkage between the light-regulated
trigger and the hormone-mediated induction of germination in
A. thaliana has been been explored by Cho et al. (2012). A rapid
adaptation to light ﬂuctuation can represent a key competitive
advantage in natural plant populations. A particularly striking
example of how the seed coat contributes to seed survival is pro-
vided by species that have adapted to bushﬁres. Australian Banksia
species are destroyed when burnt, but the ﬁre stimulates the open-
ing of their seed-bearing follicles and promotes the germination
of buried seed. The smoke from bushﬁres contains as many as
5000 different compounds (Nelson et al., 2012), including a num-
ber of substances proven to stimulate germination (Nelson et al.,
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2012). While volatiles such as ethylene and nitric oxide are not
very persistent in the soil, other smoke compounds (in particular,
karrikins, and cyanohydrins) are quite stable in the upper layers of
the soil where dormant seeds tend to be found. The seed coat of a
matureBanksia sp. seed is permeable to these molecules. The seeds
of hundreds of plant species have been tested with many smoke
compounds, and the mode of action of some has been elucidated
inA. thaliana (Nelson et al., 2010; Flematti et al., 2013). It has even
been suggested that some of these compounds have been co-opted
through evolution as signals for germination (Nelson et al., 2012;
Challis et al., 2013).
CONCLUDING REMARKS
During seed development, the seed coat (dicots) and pericarp
(monocots) serve a number of functions, most of which have
evolved to protect the seed and to promote the development
of the embryo and the endosperm within it. The architecture,
chemical composition and metabolism of the seed coat work
together to ensure effective responses to both biotic and abiotic
factors. Nutrients passing from the mother plant to the develop-
ing embryo and endosperm must traverse the seed coat, which
therefore controls seed development and seed ﬁlling. Special-
ized tissues have developed in a coordinated fashion on either
side of the apoplast to direct and facilitate nutrient ﬂow toward
the growing embryo and endosperm. The seed coat and the
endosperm act together to determine ﬁnal seed size. The ﬁne-
tuning of nutrient ﬂow from the seed coat to their endosperm and
embryo is controlled at the genetic, epigenetic, and metabolic
level, but how the interplay is achieved in vivo remains to be
clariﬁed.
Photosynthesis in the seed coat provides oxygen to the hypoxic
regions deep within the developing seed. The overwhelming pro-
portion of the nutrition supplied to the seed is provided by the
leaf of the mother plant, the delivery of which is tied to the cir-
cadian rhythm. Adapting the seed’s metabolism to this uneven
ﬂow of nutrition is facilitated by the seed’s ability to sense light.
In the course of seed development, the maternal tissues undergo
PCD, thereby providing both the space and nutrients for the
growth of the ﬁlial tissue. Finally, an outer seed envelope is
built which is important for providing protection for the mature
seed, enabling the establishment of dormancy and aiding in seed
dispersal.
ACKNOWLEDGMENTS
We thank Prof. T. Altmann for discussion and the German Fed-
eral Ministry of Education and Research (Deutsche Forschungs-
gemeinschaft, BO-1917/4-1), the German Plant Phenotyping
Network (DPPN) for funding.
REFERENCES
Abirached-Darmency, M., Abdel-gawwad, M. R., Conejero, G., Verdeil, J. L., and
Thompson, R. (2005). In situ expression of two storage protein genes in relation
to histo-differentiation at mid-embryogenesis in Medicago truncatula and Pisum
sativum seeds. J. Exp. Bot. 56, 2019–2028. doi: 10.1093/jxb/eri200
Adamski, N. M., Anastasiou, E., Eriksson, S., O’Neill, C. M., and Lenhard, M.
(2009). Local maternal control of seed size by KLUH/CYP78A5-dependent
growth signaling. Proc. Natl. Acad. Sci. U.S.A. 106, 20115–20120. doi:
10.1073/pnas.0907024106
Albert, S., Delseny, M., and Devic, M. (1997). BANYULS, a novel negative regulator
of ﬂavonoid biosynthesis in the Arabidopsis seed coat. Plant J. 11, 289–299. doi:
10.1046/j.1365-313X.1997.11020289.x
Andriunas, F.A., Zhang,H.M.,Weber,H.,McCurdy,D.W.,Ofﬂer, C. E., and Patrick,
J.W. (2011). Glucose and ethylene signalling pathways converge to regulate trans-
differentiation of epidermal transfer cells in Vicia narbonensis cotyledons. Plant
J. 68, 987–998. doi: 10.1111/j.1365-313X.2011.04749.x
Andriunas, F. A., Zhang, H. M., Xia, X., Ofﬂer, C. E., McCurdy, D. W., and Patrick,
J. W. (2012). Reactive oxygen species form part of a regulatory pathway initiating
trans-differentiation of epidermal transfer cells in Vicia faba cotyledons. J. Exp.
Bot. 63, 3617–3630. doi: 10.1093/jxb/ers029
Andriunas, F. A., Zhang, H. M., Xia, X., Patrick, J. W., and Ofﬂer, C. E.
(2013). Intersection of transfer cells with phloem biology–broad evolutionary
trends, function, and induction. Front. Plant Sci. 4:221. doi: 10.3389/fpls.2013.
00221
Aoki, N., Hirose, T., and Furbank, R.T. (2012). “Sucrose transport in higher plants:
from source to sink,” in Photosynthesis: Plastid Biology, Energy Conversion, and
Carbon Assimilation, eds J. J. Eaton-Rye, B. C. Tripathy, and T. D. Sharkey
(Dordrecht: Springer), 703–729.
Araus, J. L., Brown, H. R., Febrero, A., and Serret, M. D. (1993). Ear photosyn-
thesis, carbon isotope discrimination and the contribution of respiratory CO2 to
differences in grain mass in durum wheat. Plant Cell Environ. 16, 383–392. doi:
10.1111/j.1365-3040.1993.tb00884.x
Arsovski, A. A., Haughn, G. W., and Western, T. L. (2010). Seed coat mucilage cells
of Arabidopsis thaliana as a model for plant cell wall research. Plant Signal. Behav.
5, 796–801. doi: 10.4161/psb.5.7.11773
Ashikari, M., Wu, J., Yano, M., Sasaki, T., and Yoshimura, A. (1999). Rice
gibberellin-insensive dwarf mutant gene Dwarf 1 encodes the α-subunit of
GTP-binding protein. Proc. Natl. Acad. Sci. U.S.A. 96, 10284–10289. doi:
10.1073/pnas.96.18.10284
Auger, B., Marnet, N., Gautier,V., Maia-Grondard, A., Leprince, F., Renard, M., et al.
(2010). A detailed survey of seed coat ﬂavonoids in developing seeds of Brassica
napus L. J. Agric. Food Chem. 26, 6246–6256. doi: 10.1021/jf903619v
Bailly, C., and Kranner, I. (2011). Analyses of reactive oxygen species and antiox-
idants in relation to seed longevity and germination. Methods Mol. Biol. 773,
343–367. doi: 10.1007/978-1-61779-231-1_20
Barrero, C., Royo, J., Grijota-Martinez, C., Faye, C., Paul, W., Sanz, S., et al. (2009).
The promoter of ZmMRP-1, a maize transfer cell-speciﬁc transcriptional activa-
tor, is induced at solute exchange surfaces and responds to transport demands.
Planta 229, 235–247. doi: 10.1007/s00425-008-0823-0
Bassoi, M. C., and Flintham, J. (2005). Relationship between grain colour and
preharvest sprouting-resistance in wheat. Pesqui. Agropecu. Bras. 40, 981–988.
doi: 10.1590/S0100-204X2005001000006
Beresniewicz, M. M., Taylor, A. G., Gofﬁnet, M. C., and Terhune, B. T. (1995).
Characterization and location of a semipermeable layer in seed coats of leek
and onion (Liliaceae), tomato and pepper (Solanaceae). Seed Sci. Technol. 23,
123–134.
Bernhardt, C., Zhao, M., Gonzalez, A., Lloyd, A., and Schiefelbein, J. (2005). The
bHLH genes GL3 and EGL3 participate in an intercellular regulatory circuit that
controls cell patterning in the Arabidopsis root epidermis. Development 132, 291–
298. doi: 10.1242/dev.01565
Bethke, P. C., Libourel, I. G. L., Aoyama, N., Chung, Y. Y., Still, D. W., and Jones,
R. L. (2007). The Arabidopsis aleurone layer responds to nitric oxide, gibberellin,
and abscisic acid and is sufﬁcient and necessary for seed dormancy. Plant Physiol.
143, 1173–1188. doi: 10.1104/pp.106.093435
Bewley, J.D., andBlack,M. (1994). Seeds. NewYork: PlenumPress. doi: 10.1007/978-
1-4899-1002-8
Bewley, J. D., Bradford, K., Hilhorst, H., and Nonogaki, H. (2013). Seeds: Phys-
iology of Development, Germination and Dormancy. New York: Springer. doi:
10.1007/978-1-4614-4693-4
Bihmidine, S., Hunter, C. T. 3rd., Johns, C. E., Koch, K. E., and Braun, D. M.
(2013). Regulation of assimilate import into sink organs: update on molec-
ular drivers of sink strength. Front. Plant Sci. 4:177. doi: 10.3389/fpls.2013.
00177
Black, M. H., and Halmer, P. (2006). The Encyclopedia of Seeds: Science, Technology
and Uses. Wallingford: CABI.
Bohinc, T., Ban, S. G., Ban, D., and Trdan, S. (2012). Glucosinolates in
plant protection strategies: a review. Arch. Biol. Sci. 64, 821–828. doi:
10.2298/ABS1203821B
www.frontiersin.org October 2014 | Volume 5 | Article 510 | 11
Radchuk and Borisjuk Seed coat functions
Borisjuk, L., Neuberger, T., Schwender, J., Heinzel, N., Sunderhaus, S., Fuchs, J., et al.
(2013). Seed architecture shapes embryo metabolism in oilseed rape. Plant Cell
25, 1625–1640. doi: 10.1105/tpc.113.111740
Borisjuk, L., Nguyen, T. H., Neuberger, T., Rutten, T., Tschiersch, H., Claus, B.,
et al. (2005). Gradients of lipid storage, photosynthesis and plastid differentiation
in developing soybean seeds. New Phytol. 167, 761–776. doi: 10.1111/j.1469-
8137.2005.01474.x
Borisjuk, L., and Rolletschek, H. (2009). The oxygen status of the developing seed.
New Phytol. 182, 17–30. doi: 10.1111/j.1469-8137.2008.02752.x
Borisjuk, L., Rolletschek, H., and Neuberger, T. (2012). Surveying the plant’s
world by magnetic resonance imaging. Plant J. 70, 129–146. doi: 10.1111/j.1365-
313X.2012.04927.x
Borisjuk, L., Walenta, S., Weber, H., Mueller-Klieser, W., and Wobus, U. (1998).
High-resolution histographical mapping of glucose concentrations in devel-
oping cotyledons of Vicia faba in relation to mitotic activity and storage
processes: glucose as a possible developmental trigger. Plant J. 15, 583–591. doi:
10.1046/j.1365-313X.1998.00214.x
Borisjuk, L., Wang, T. L., Rolletschek, H., Wobus, U., and Weber, H. (2002).
A pea seed mutant affected in the differentiation of the embryonic epidermis
is impaired in embryo growth and seed maturation. Development 129, 1595–
1607.
Brar, G., and Thies, W. (1977). Contribution of leaves, stem, siliques and seeds
to dry-matter accumulation in ripening seeds of rapeseed, Brassica napus L. Z.
Pﬂanzenphysiol. 82, 1–13. doi: 10.1016/S0044-328X(77)80128-1
Braun, D. M. (2012). SWEET! The pathway is complete. Science 335, 173–174. doi:
10.1126/science.1216828
Brooker, N. L., Lagalle, C. D., Zlatanic, A., Javni, I., and Petrovic, Z. (2007). Soy
polyol formulations as novel seed treatments for the management of soil-borne
diseases of soybean. Commun. Agric. Appl. Biol. Sci. 72, 35–43.
Caley, C. Y., Duffus, C. M., and Jeffcoat, B. (1990). Photosynthesis in the pericarp of
developing wheat grains. J. Exp. Bot. 41, 303–307. doi: 10.1093/jxb/41.3.303
Carvalho, A. O., and Gomes, V. M. (2009). Plant defensins – prospects for the
biological functions and biotechnological properties. Peptides 30, 1007–1020.
doi: 10.1016/j.peptides.2009.01.018
Challis, R. J., Hepworth, J., Mouchel, C., Waites, R., and Leyser, O. (2013). A
role for MORE AXILLARY GROWTH1 (MAX1) in evolutionary diversity in
strigolactone signaling upstream of MAX2. Plant Physiol. 161, 1885–1902. doi:
10.1104/pp.112.211383
Chang, S. H., Lu, L. S., Wang, N. N., and Chang, Y. Y. (2008). Nega-
tive feedback regulation of system-1 ethylene production by the tomato 1-
aminocyclopropane-1-carboxylate synthase 6 gene promoter. Plant Sci. 175,
149–160. doi: 10.1016/j.plantsci.2007.11.004
Chaudhury, A. M., Koltunow, A., Payne, T., Luo, M., Tucker, M. R., Ming, L., et al.
(2001). Control of early seed development. Annu. Rev. Cell Dev. Biol. 17, 677–699.
doi: 10.1146/annurev.cellbio.17.1.677
Cheng, W. H., Taliercio, E. W., and Chourey, P. S. (1996). The miniature1 seed
locus of maize encodes a cell wall invertase required for normal development
of endosperm and maternal cells in the pedicel. Plant Cell 8, 971–983. doi:
10.1105/tpc.8.6.971
Chichkova, N. V., Shaw, J., Galiullina, R. A., Drury, G. E., Tuzhikov, A. I., Kim, S. H.,
et al. (2010). Phytaspase, a relocalisable cell death promoting plant protease with
caspase speciﬁcity. EMBO J. 29, 1149–1161. doi: 10.1038/emboj.2010.1
Cho, J. N., Ryu, J. Y., Jeong, Y. M., Park, J., Song, J. J., Amasino, R. M., et al. (2012).
Control of seed germination by light-induced histone arginine demethylation
activity. Dev. Cell 22, 736–748. doi: 10.1016/j.devcel.2012.01.024
Choi, Y., Gehring, M., Johnson, L., Hannon, M., Harada, J. J., Goldberg, R. B.,
et al. (2002). DEMETER, a DNA glycosylase domain protein, is required for
endosperm gene imprinting and seed viability in Arabidopsis. Cell 110, 33–42.
doi: 10.1016/S0092-8674(02)00807-3
Chourey, P. S., Li, Q., and Cevallos-Cevallos, J. (2011). Pleiotropy and its lim-
ited dissection through a metabolic gene Miniature1 (Mn1) that encodes a
cell wall invertase in developing seeds of maize. Plant Sci. 184, 45–53. doi:
10.1016/j.plantsci.2011.12.011
Cloetens, P., Mache, R., Schlenker, M., and Lerbs-Mache, S. (2006). Quantitative
phase tomography of Arabidopsis seeds reveals intercellular void network. Proc.
Natl. Acad. Sci. U.S.A. 103, 14626–14630. doi: 10.1073/pnas.0603490103
Cochrane, M. P., and Duffus, C. M. (1979). Morphology and ultrastructure of
immature cereal grains in relation to transport. Ann. Bot. 44, 67–77.
Costa, L. M., Gutierrez-Marcos, J. F., Brutnell, T. P., Greenland, A. J., and Dickinson,
H. G. (2003). The globby1-1 (glo1-1) mutation disrupts nuclear and cell divi-
sion in the developing maize seed causing alterations in endosperm cell fate and
tissue differentiation. Development 130, 5009–5017. doi: 10.1242/dev.00692
Costa, L. M., Yuan, J., Rouster, J., Paul, W., Dickinson, H., and Gutierrez-Marcos,
J. F. (2012). Maternal control of nutrient allocation in plant seeds by genomic
imprinting. Curr. Biol. 22, 160–165. doi: 10.1016/j.cub.2011.11.059
Dean,G.,Cao,Y., Xiang,D., Provart,N. J., Ramsay, L.,Ahad,A., et al. (2011). Analysis
of gene expression patterns during seed coat development in Arabidopsis. Mol.
Plant 4, 1074–1091. doi: 10.1093/mp/ssr040
Debeaujon, I., Léon-Kloosterziel, K. M., and Koornneef, M. (2000). Inﬂuence of the
testa on seed dormancy, germination, and longevity in Arabidopsis. Plant Physiol.
122, 403–414. doi: 10.1104/pp.122.2.403
Dermastia, M., Kladnik, A., Koce, J. D., and Chourey, P. S. (2009). A cellular
study of teosinte Zea mays subsp. Parviglumis (Poaceae) caryopsis development
showing several processes conserved in maize. Am. J. Bot. 96, 1798–1807. doi:
10.3732/ajb.0900059
Dibley, S. J., Zhou, Y., Andriunas, F. A., Talbot, M. J., Ofﬂer, C. E., Patrick, J. W.,
et al. (2009). Early gene expression programs accompanying trans-differentiation
of epidermal cells of Vicia faba cotyledons into transfer cells. New Phytol. 182,
863–877. doi: 10.1111/j.1469-8137.2009.02822.x
Domínguez, F., Moreno, J., and Cejudo, F. J. (2001). The nucellus degenerates
by a process of programmed cell death during the early stages of wheat grain
development. Planta 213, 352–360. doi: 10.1007/s004250000517
Duffus, C. M., and Rosie, R. (1973). Some enzyme-activities associated with chloro-
phyll containing layers of immature barley pericarp. Planta 114, 219–226. doi:
10.1007/BF00389037
Efe, L., Mustafayev, A. S., and Killi, F. (2010). Agronomic, ﬁber and seed quality of
naturally colored cotton in east Mediterranean region of Turkey. Pak. J. Bot. 42,
3865–3873.
Fang, W., Wang, Z., Cui, R., Li, J., and Li, Y. (2012). Maternal control of seed
size by EOD3/CYP78A6 in Arabidopsis thaliana. Plant J. 70, 929–939. doi:
10.1111/j.1365-313X.2012.04907.x
Figueiredo, D. D., and Köhler, C. (2014). Signalling events regulating seed coat
development. Biochem. Soc. Trans. 42, 358–363. doi: 10.1042/BST20130221
Finch-Savage, W. E., and Leubner-Metzger, G. (2006). Seed dormancy and
the control of germination. New Phytol. 171, 501–523. doi: 10.1111/j.1469-
8137.2006.01787.x
Fisher, D. B., and Cash-Clark, C. E. (2000). Sieve tube unloading and post-phloem
transport of ﬂuorescent tracers and proteins injected into sieve tubes via severed
aphid stylets. Plant Physiol. 123, 125–138. doi: 10.1104/pp.123.1.125
Flematti, G. R., Waters, M. T., Scafﬁdi, A., Merritt, D. J., Ghisalberti, E. L.,
Dixon, K. W., et al. (2013). Karrikin and cyanohydrin smoke signals provide
clues to new endogenous plant signalling compounds. Mol. Plant 6, 29–37. doi:
10.1093/mp/sss132
Flinn, A. M. (1985). “Carbon dioxide ﬁxation in developing seeds,” in The Pea Crop:
A Basis for Improvement, eds P. D. Hebblethwaite, M. C. Heath, and T. C. K.
Dawkins (London: Butterworths), 349–358.
Flintham, J. E. (2000). Different genetic components control coat-imposed
and embryo-imposed dormancy in wheat. Seed Sci. Res. 10, 43–50. doi:
10.1017/S0960258500000052
Forestan, C., Meda, S., and Varotto, S. (2010). ZmPIN1-mediated auxin trans-
port is related to cellular differentiation during maize embryogenesis and
endosperm development. Plant Physiol. 152, 1373–1390. doi: 10.1104/pp.109.
150193
Frommer,W. B., Davidson, M. W., and Campbell, R. E. (2009). Genetically encoded
biosensors based on engineered ﬂuorescent proteins. Chem. Soc. Rev. 38, 2833–
2841. doi: 10.1039/b907749a
Fujisawa, Y., Kato, T., Ohki, S., Ishikawa, A., Kitano, H., Sasaki, T., et al. (1999).
Suppression of the heterotrimeric G protein causes abnormal morphology,
including dwarﬁsm, in rice. Proc. Natl. Acad. Sci. U.S.A. 96, 7575–7580. doi:
10.1073/pnas.96.13.7575
Fuller, D. Q., and Allaby, R. (2009). Seed dispersal and crop domestication: shatter-
ing, germination and seasonality in evolution under cultivation. Ann. Plant Rev.
38, 238–295. doi: 10.1002/9781444314557.ch7
Gao, X., Hu, C. H., Li, H. Z., Yao, Y. J., Meng, M., Dong, J., et al. (2013). Fac-
tors affecting pre-harvest sprouting resistance in wheat (Triticum aestivum L.): a
review. J. Anim. Plant Sci. 23, 556–565.
Frontiers in Plant Science | Plant Evolution and Development October 2014 | Volume 5 | Article 510 | 12
Radchuk and Borisjuk Seed coat functions
Garcia, D., Fitz Gerald, J. N., and Berger, F. (2005). Maternal control of
integument cell elongation and zygotic control of endosperm growth are coor-
dinated to determine seed size in Arabidopsis. Plant Cell 17, 52–60. doi:
10.1105/tpc.104.027136
Gattolin, S., Sorieul, M., and Frigerio, L. (2010). Mapping of tonoplast intrinsic
proteins in maturing and germinating Arabidopsis seeds reveals dual localization
of embryonic TIPs to the tonoplast and plasmamembrane. Mol. Plant 4, 180–189.
doi: 10.1093/mp/ssq051
Gehring, M., Bubb, K. L., and Henikoff, S. (2009). Extensive demethylation of
repetitive elements during seed development underlies gene imprinting. Science
324, 1447–1451. doi: 10.1126/science.1171609
Geisler, M., and Sack, F. D. (2002). Variable timing of developmental progression in
the stomatal pathway in Arabidopsis cotyledons. New Phytol. 153, 469–476. doi:
10.1046/j.0028-646X.2001.00332.x
Gergerich, R. C., and Dolja, V. V. (2006). Introduction to plant viruses, the invisible
foe. Plant Heal. Instruct. doi: 10.1094/PHI-I-2006-0414-01
Gifford, R. M., and Bremner, P. M. (1981). Accumulation and conversion of sugars
by developing wheat grains. 2. Light requirement for kernels cultured in vitro.
Aust. J. Plant Physiol. 8, 631–640. doi: 10.1071/PP9810631
Gnaiger, E., Méndez, G., and Hand, S. C. (2000). High phosphorylation efﬁciency
and depression of uncoupled respiration in mitochondria under hypoxia. Proc.
Natl. Acad. Sci. U.S.A. 97, 11080–11085. doi: 10.1073/pnas.97.20.11080
Goffman, F., Ruckle, M., Ohlrogge, J., and Shachar-Hill, Y. (2004). Carbon dioxide
concentrations are very high in developing oilseeds. Plant Physiol. Biochem. 42,
703–708. doi: 10.1016/j.plaphy.2004.07.003
Golombek, S., Heim, U., Horstmann, C., Wobus, U., and Weber, H. (1998).
Phosphoenolpyruvate carboxylase in developing seeds of Vicia faba L.: gene
expression and metabolic regulation. Planta 208, 66–72. doi: 10.1007/s0042500
50535
Gómez, E., Royo, J., Guo, Y., Thompson, R., and Hueros, G. (2002). Establishment
of cereal endosperm expression domains: identiﬁcation and properties of a maize
transfer cell-speciﬁc transcription factor, ZmMRP-1. Plant Cell 14, 599–610. doi:
10.1105/tpc.010365
Gómez, E., Royo, J., Muñiz, L. M., Sellam, O., Paul, W., Gerentes, D., et al.
(2009). The maize transcription factor myb-related protein-1 is a key regu-
lator of the differentiation of transfer cells. Plant Cell 21, 2022–2035. doi:
10.1105/tpc.108.065409
Gonzalez, A., Zhao, M., Leavitt, J. M., and Lloyd, A. M. (2008). Regulation of
the anthocyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional
complex in Arabidopsis seedlings. Plant J. 53, 814–827. doi: 10.1111/j.1365-
313X.2007.03373.x
Graeber, K., Nakabayashi, K., Miatton, E., Leubner-Metzger, G., and Soppe, W. J.
(2012). Molecular mechanisms of seed dormancy. Plant Cell Environ. 35, 1769–
1786. doi: 10.1111/j.1365-3040.2012.02542.x
Greenway, H., and Gibbs, J. (2003). Mechanisms of anoxia tolerance in plants.
II. Energy requirements for maintenance and energy distribution to essential
processes. Funct. Plant Biol. 30, 999–1036. doi: 10.1071/PP98096
Greenwood, J. S., Helm, M., and Gietl, C. (2005). Ricinosomes and endosperm
transfer cell structure in programmed cell death of the nucellus during Rici-
nus seed development. Proc. Natl. Acad. Sci. U.S.A. 102, 2238–2243. doi:
10.1073/pnas.0409429102
Gutiérrez-Marcos, J. F., Costa, L. M., and Evans, M. M. (2006). Maternal
gametophytic baseless1 is required for development of the central cell and
early endosperm patterning in maize (Zea mays). Genetics 174, 317–329. doi:
10.1534/genetics.106.059709
Gutiérrez-Marcos, J. F., Dal Prà, M., Giulini, A., Costa, L. M., Gavazzi, G., Cordelier,
S., et al. (2007). Empty pericarp4 encodes a mitochondrion-targeted pentatri-
copeptide repeat protein necessary for seed development and plant growth in
maize. Plant Cell 19, 196–210. doi: 10.1105/tpc.105.039594
Hanks, J. N., Snyder, A. K., Graham, M. A., Shah, R. K., Blaylock, L. A., Harri-
son, M. J., et al. (2005). Defensin gene family in Medicago truncatula: structure,
expression and induction by signal molecules. Plant Mol. Biol. 58, 385–399. doi:
10.1007/s11103-005-5567-7
Hara-Nishimura, I., Hatsugai, N., Nakaune, S., Kuroyanagi, M., and Nishimura, M.
(2005). Vacuolar processing enzyme: an executor of plant cell death. Curr. Opin.
Plant Biol. 8, 404–408. doi: 10.1016/j.pbi.2005.05.016
Harrington, G. N., Nussbaumer, Y., Wang, X. D., Tegeder, M., Franceschi, V. R.,
and Frommer,W. B. (1997). Spatial and temporal expression of sucrose transport
related genes in developing cotyledons of Vicia faba. Protoplasma 200, 35–50. doi:
10.1007/BF01280733
Harvey, D. M., Hedley, C. L., and Keely, R. (1976). Photosynthetic and respiratory
studies during pod and seed development in Pisum sativum L. Ann. Bot. 40,
993–1001.
Haughn, G., and Chaudhury, A. (2005). Genetic analysis of seed coat develop-
ment in Arabidopsis. Trends Plant Sci. 10, 472–477. doi: 10.1016/j.tplants.2005.
08.005
Haughn, G. W., and Western, T. L. (2012). Arabidopsis seed coat mucilage is a
specialized cell wall that can be used as a model for genetic analysis of plant
cell wall structure and function. Front. Plant Sci. 3:64. doi: 10.3389/fpls.2012.
00064
Haydon, M. J., Mielczarek, O., Robertson, F. C., Hubbard, K. E., and Webb, A. A.
(2013). Photosynthetic entrainment of the Arabidopsis thaliana circadian clock.
Nature 502, 689–692. doi: 10.1038/nature12603
Hendry, G. A. F. (1993). Oxygen, free radical processes and seed longevity. Seed Sci.
Res. 3, 141–153. doi: 10.1017/S0960258500001720
Huang, R., Jiang, L., Zheng, J., Wang, T., Wang, H., Huang, Y., et al. (2013). Genetic
bases of rice grain shape: so many genes, so little known. Trends Plant Sci. 18,
218–226. doi: 10.1016/j.tplants.2012.11.001
Iglesias-Fernández, R., Matilla, A. J., Pulgar, I., and Torre, F. (2007). Ripe fruits of
Sisymbrium ofﬁcinale L. contain heterogeneous endospermic seeds with different
germination rates. Seed Sci. Biotechnol. 1, 18–24.
Ingouff, M., Jullien, P. E., and Berger, F. (2006). The female gametophyte and
the endosperm control cell proliferation and differentiation of the seed coat in
Arabidopsis. Plant Cell 18, 3491–3501. doi: 10.1105/tpc.106.047266
Ingram,G. C. (2010). Family life at close quarters: communication and constraint in
angiosperm seed development. Protoplasma 247, 195–214. doi: 10.1007/s00709-
010-0184-y
Izawa, Y., Takayanagi, Y., Inaba, N., Abe, Y., Minami, M., Fujisawa, Y., et al. (2010).
Function and expression pattern of the alpha subunit of the heterotrimeric G
protein in rice. Plant Cell Physiol. 51, 271–281. doi: 10.1093/pcp/pcp186
Jahnke, S.,Menzel,M. I.,Van Dusschoten,D., Roeb, G.W., Bühler, J.,Minwuyelet, S.,
et al. (2009). Combined MRI–PET dissects dynamic changes in plant structures
and functions. Plant J. 59, 634–644. doi: 10.1111/j.1365-313X.2009.03888.x
Jofuku, K. D., Omidyar, P. K., Gee, Z., and Okamuro, J. K. (2005). Control of seed
mass and seed yield by the ﬂoral homeotic gene APETALA2. Proc. Natl. Acad. Sci.
U.S.A. 102, 3117–3122. doi: 10.1073/pnas.0409893102
Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329.
doi: 10.1038/nature05286
Julián, I., Gandullo, J., Santos-Silva, L. K., Diaz, I., and Martinez, M. (2013). Phylo-
genetically distant barley legumains have a role in both seed and vegetative tissues.
J. Exp. Bot. 64, 2929–2941. doi: 10.1093/jxb/ert132
Kang, B. H., Xiong, Y., Williams, D. S., Pozueta-Romero, D., and Chourey, P.
S. (2009). Miniature1-encoded cell wall invertase is essential for assembly and
function of wall-ingrowth in the maize endosperm transfer cell. Plant Physiol.
151, 1366–1376. doi: 10.1104/pp.109.142331
Kathage, J., and Qaim, M. (2012). Economic impacts and impact dynamics of
Bt (Bacillus thuringiensis) cotton in India. Proc. Natl. Acad. Sci. U.S.A. 109,
11652–11656. doi: 10.1073/pnas.1203647109
Kelley, D. R., and Gasser, C. S. (2009). Ovule development: genetic trends and
evolutionary considerations. Sex. PlantReprod. 22, 229–234. doi: 10.1007/s00497-
009-0107-2
Khan, D., Millar, J. L., Girard, I. J., and Belmonte, M. F. (2014). Transcriptional
circuitry underlying seed coat development in Arabidopsis. Plant Sci. 219–220,
51–60. doi: 10.1016/j.plantsci.2014.01.004
Kimmel, L. B., and Day, M. P. (2001). New life for an old ﬁber: attributes and
advantages of naturally colored cotton. AATCC Rev. 1, 32–36.
Kladnik, A., Chamusco, K., Dermastia, M., and Chourey, P. (2004). Evidence of
programmed cell death in post-phloem transport cells of the maternal pedi-
cel tissue in developing caryopsis of maize. Plant Physiol. 136, 3572–3581. doi:
10.1104/pp.104.045195
Koch, K. (2004). Sucrose metabolism: regulatory mechanisms and pivotal roles in
sugar sensing and plant development. Curr. Opin. Plant Biol. 7, 235–246. doi:
10.1016/j.pbi.2004.03.014
Kovalchuk, N., Li, M., Wittek, F., Reid, N., Singh, R., Shirley, N., et al. (2010).
Defensin promoters as potential tools for engineering disease resistance in cereal
grains. Plant Biotechnol. J. 8, 47–64. doi: 10.1111/j.1467-7652.2009.00465.x
www.frontiersin.org October 2014 | Volume 5 | Article 510 | 13
Radchuk and Borisjuk Seed coat functions
Kranner, I., Beckett, R. P., Minibayeva, F. V., and Seal, C. E. (2010). What is stress?
Concepts, deﬁnitions and applications in seed science. New Phytol. 188, 655–673.
doi: 10.1111/j.1469-8137.2010.03461.x
Krishnan, S., and Dayanandan, P. (2003). Structural and histochemical studies on
grain-ﬁlling in the caryopsis of rice (Oryza sativa L.). J. Biosci. 28, 455–469. doi:
10.1007/BF02705120
Kunieda, K., Mitsuda, N., Ohme-Takagi, M., Takeda, S., Aida, M., Tasaka, M.,
et al. (2008). NAC family proteins NARS1/NAC2 and NARS2/NAM in the outer
integument regulate embryogenesis in Arabidopsis. Plant Cell 20, 2631–2642. doi:
10.1105/tpc.108.060160
Ladwig, F., Stahl, M., Ludewig, U., Hirner, A. A., Hammes, U. Z., Stadler, R.,
et al. (2012). Siliques are Red1 from Arabidopsis acts as a bidirectional amino
acid transporter that is crucial for the amino acid homeostasis of siliques. Plant
Physiol. 158, 1643–1655. doi: 10.1104/pp.111.192583
Lafon-Placette, C., and Köhler, C. (2014). Embryo and endosperm, partners in
seed development. Curr. Opin. Plant Biol. 17, 64–69. doi: 10.1016/j.pbi.2013.
11.008
Lanning, F. C., and Eleuterius, L. N. (1992). Silica and ash in seeds of cultivated
grains and native plants. Ann. Bot. 69, 151–160.
Lattanzio, V., Lattanzio, V. M. T., and Cardinali, A. (2006). “Role of phenolics in
the resistance mechanisms of plants against fungal pathogens and insects,” in
Phytochemistry: Advances in Research, ed. F. Imperato (Trivandrum: Research
Signpost), 23–67.
Lay, F. T., and Anderson, M. A. (2005). Defensins – components of the
innate immune system in plants. Curr. Protein Pept. Sci. 6, 85–101. doi:
10.2174/1389203053027575
Lee, J. J., Woodward, A. W., and Chen, Z. J. (2007). Gene expression changes
and early events in cotton ﬁbre development. Ann. Bot. 100, 1391–1401. doi:
10.1093/aob/mcm232
Lepiniec, L., Debeaujon, I., Routaboul, J. M., Baudry, A., Pourcel, L., Nesi, N., et al.
(2006). Genetics and biochemistry of seed ﬂavonoids. Annu. Rev. Plant Biol. 57,
405–430. doi: 10.1146/annurev.arplant.57.032905.105252
Li, Q., and Li, L. (2014). Uniquitin-mediated control of seed size in plant. Front.
Plant Sci. 5:332. doi: 10.3389/fpls.2014.00332
Li, Q., Li, L., Yang, X., Warburton, M. L., Bai, G., Dai, J., et al. (2010). Relationship,
evolutionary fate and function of two maize co-orthologs of rice GW2 associated
with kernel size and weight. BMC Plant Biol. 10:143. doi: 10.1186/1471-2229-
10-143
Li, S. F., Milliken, O. N., Pham, H., Seyit, R., Napoli, R., Preston, J., et al. (2009).
The Arabidopsis MYB5 transcription factor regulates mucilage synthesis, seed
coat development, and trichome morphogenesis. Plant Cell 21, 72–89. doi:
10.1105/tpc.108.063503
Li, Y., Zheng, L., Corke, F., Smith, C., and Bevan, M. W. (2008). Control of ﬁnal
seed and organ size by the DA1 gene family in Arabidopsis thaliana. Genes Dev.
22, 1331–1336. doi: 10.1101/gad.463608
Linnestad, C., Doan, D. N., Brown, R. C., Lemmon, B. E., Meyer, D. J., Jung,
R., et al. (1998). Nucellain, a barley homolog of the dicot vacuolar-processing
protease, is localized in nucellar cell walls. Plant Physiol. 118, 1169–1180. doi:
10.1104/pp.118.4.1169
Liu, Q., Llewellyn, D. J., Singh, S. P., and Green, A. G. (2012). “Cotton seed develop-
ment: opportunities to add value to a byproduct of ﬁber production,” in Flowering
and fruiting in cotton, eds D. M. Oosterhuis and J. T. Cothren (Cordova: The
Cotton Foundation Press), 131–162.
Lohaus,G., andMoellers, C. (2000). Phloem transport of amino acids in twoBrassica
napus L. genotypes and one B. carinata genotype in relation to their seed protein
content. Planta 211, 833–840. doi: 10.1007/s004250000349
Lombardi, L., Casani, S., Ceccarelli, N., Galleschi, L., Picciarelli, P., and Lorenzi, R.
(2007). Programmed cell death of the nucellus during Sechium edule Sw. seed
development is associated with activation of caspase-like proteases. J. Exp. Bot.
58, 2949–2958. doi: 10.1093/jxb/erm137
Lopato, S., Borisjuk, N., Langridge, P., and Hrmova, M. (2014). Endosperm
transfer cell-speciﬁc genes and proteins: structure, function and applications
in biotechnology. Front. Plant Sci. 5:64. doi: 10.3389/fpls.2014.00064
López-Fernández, M. P., and Maldonado, S. (2013). Programmed cell death
during quinoa perisperm development. J. Exp. Bot. 64, 3313–3325. doi:
10.1093/jxb/ert170
Maitz, M., Santandrea, G., Zhang, Z., Lal, S., Hannah, L. C., Salamini, F., et al.
(2000). rgf1, a mutation reducing grain ﬁlling in maize through effects on basal
endosperm and pedicel development. Plant J. 23, 29–42. doi: 10.1046/j.1365-
313x.2000.00747.x
Méchin, V., Thévenot, C., Le Guilloux, M., Prioul, J. L., and Damerval, C.
(2007). Developmental analysis of maize endosperm proteome suggests a piv-
otal role for pyruvate orthophosphate dikinase. Plant Physiol. 143, 1203–1219.
doi: 10.1104/pp.106.092148
Melkus, G., Rolletschek, H., Fuchs, J., Radchuk, V., Grafahrend-Belau, E.,
Sreenivasulu, N., et al. (2011). Dynamic 13C/1H NMR imaging uncovers
sugar allocation in the living seed. Plant Biotechnol. J. 9, 1022–1037. doi:
10.1111/j.1467-7652.2011.00618.x
Melkus, G., Rolletschek, H., Radchuk, R., Fuchs, J., Rutten, T., Wobus,
U., et al. (2009). The metabolic role of the legume endosperm: a nonin-
vasive imaging study. Plant Physiol. 151, 1139–1154. doi: 10.1104/pp.109.
143974
Mochizuki, M., Tanaka, R., Grimm, B., Masuda, T., Moulin, M., Smith, A. G., et al.
(2009). The cell biology of tetrapyrroles: a life and death struggle. Trends Plant
Sci. 15, 488–499. doi: 10.1016/j.tplants.2010.05.012
Möhlmann, T., and Neuhaus, H. E. (1997). Precursor and effector dependency
of lipid synthesis in amyloplasts isolated from developing maize and wheat
endosperm. J. Cereal Sci. 26, 161–167. doi: 10.1006/jcrs.1997.0116
Möhlmann, T., Scheibe, R., and Neuhaus, H. E. (1994). Interaction between fatty-
acid and starch synthesis in isolated amyloplasts from cauliﬂower ﬂoral buds.
Planta 194, 492–497. doi: 10.1007/BF00714461
Molina, I., Li-Beisson, Y., Beisson, F., Ohlrogge, J. B., and Pollard, M. (2008). Iden-
tiﬁcation of an Arabidopsis feruloyl-coenzyme A transferase required for suberin
synthesis. Plant Physiol. 151, 1317–1328. doi: 10.1104/pp.109.144907
Monjardino, P., Rocha, S., Tavares,A. C., Fernandes, R., Sampaio, P., Salema, R., et al.
(2013). Development of ﬂange and reticulate wall ingrowths in maize (Zea mays
L.) endosperm transfer cells. Protoplasma 250, 495–450. doi: 10.1007/s00709-
012-0432-4
Morley-Smith, E. R., Pike, M. J., Findlay, K., Köckenberger, W., Hill, L. M., Smith,
A. M., et al. (2008). The transport of sugars to developing embryos is not via
the bulk endosperm in oilseed rape seeds. Plant Physiol. 147, 2121–2130. doi:
10.1104/pp.108.124644
Nakaune, S.,Yamada,K.,Kondo,M.,Kato,T., Tabata, S.,Nishimura,M., et al. (2005).
Avacuolar processing enzyme, δVPE, is involved in seed coat formation at the early
stage of seed development. Plant Cell 17, 876–887. doi: 10.1105/tpc.104.026872
Nayar, S., Sharma, R., Tyagi, A. K., and Kapoor, S. (2013). Functional delineation of
rice MADS29 reveals its role in embryo and endosperm development by affecting
hormone homeostasis. J. Exp. Bot. 64, 4239–4253. doi: 10.1093/jxb/ert231
Nelson, D. C., Flematti, G. R., Ghisalberti, E. L., Dixon, K. W., and Smith, S.
M. (2012). Regulation of seed germination and seedling growth by chemi-
cal signals from burning vegetation. Annu. Rev. Plant Biol. 63, 107–130. doi:
10.1146/annurev-arplant-042811-105545
Nelson, D. C., Flematti, G. R., Riseborough, J. A., Ghisalberti, E. L., Dixon, K. W.,
and Smith, S. M. (2010). Karrikins enhance light responses during germination
and seedling development in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A.
107, 7095–7100. doi: 10.1073/pnas.0911635107
Nutbeam,A. R., and Duffus, C. M. (1978). Oxygen-exchange in pericarp green layer
of immature cereal-grains. Plant Physiol. 62, 360–362. doi: 10.1104/pp.62.3.360
Ofﬂer, C. E., McCurdy, D. W., Patrick, J. W., and Talbot, M. J. (2003). Transfer cells:
cells specialized for a special purpose. Annu. Rev. Plant Biol. 54, 431–454. doi:
10.1146/annurev.arplant.54.031902.134812
Ofﬂer, C. E., Nerlich, S. M., and Patrick, J. W. (1989). Pathway of photosynthate
transfer in the developing seed ofVicia faba L. transfer in relation to seed anatomy.
J. Exp. Bot. 40, 769–780. doi: 10.1093/jxb/40.7.769
Ohto, M. A., Fischer, R. L., Goldberg, R. B., Nakamura, K., and Harada, J. J. (2005).
Control of seed mass by APETALA2. Proc. Natl. Acad. Sci. U.S.A. 102, 3123–3128.
doi: 10.1073/pnas.0409858102
Ohto, M. A., Floyd, S. K., Fischer, R. L., Goldberg, R. B., and Harada, J. J.
(2009). Effects of APETALA2 on embryo, endosperm, and seed coat develop-
ment determine seed size in Arabidopsis. Sex. Plant Reprod. 22, 277–289. doi:
10.1007/s00497-009-0116-1
Okuda, S., Tsutsui, H., Shiina, K., Sprunck, S., Takeuchi, H., Yui, R., et al.
(2009). Defensin-like polypeptide LUREs are pollen tube attractants secreted
from synergid cells. Nature 458, 357–361. doi: 10.1038/nature07882
Olsen, O. A. (2004). Nuclear endosperm development in cereals and Arabidopsis
thaliana. Plant Cell 16, S214–S227. doi: 10.1105/tpc.017111
Frontiers in Plant Science | Plant Evolution and Development October 2014 | Volume 5 | Article 510 | 14
Radchuk and Borisjuk Seed coat functions
Oparka, K. J., and Gates, P. (1981). Transport of assimilates in the developing
caryopsis of rice (Oryza sativa L.). Planta 152, 388–396. doi: 10.1007/BF00385354
Oparka, K. J., Roberts, A. G., Boevink, P., Santa Cruz, S., Roberts, I., Pradel, K.
S., et al. (1999). Simple, but not branched, plasmodesmata allow the nonspe-
ciﬁc trafﬁcking of proteins in developing tobacco leaves. Cell 97, 743–754. doi:
10.1016/S0092-8674(00)80786-2
Panitz, R., Borisjuk, L., Manteuffel, R., and Wobus, U. (1995). Transient expression
of storage-protein genes during early embryogenesis of Vicia faba: synthesis and
metabolization of vicilin and legumin in the embryo, suspensor and endosperm.
Planta 196, 765–774. doi: 10.1007/BF01106772
Patrick, J. W., Botha, F. C., and Birch, R. G. (2013). Metabolic engineering of sugars
and simple sugar derivatives in plants. Plant Biotechnol. J. 11, 142–156. doi:
10.1111/pbi.12002
Patrick, J. W., and Ofﬂer, C. E. (1995). Post-sieve element transport of sucrose in
developing seeds. Aust. J. Plant Physiol. 22, 681–702. doi: 10.1071/PP9950681
Patrick, J. W., and Ofﬂer, C. E. (2001). Compartmentation of transport
and transfer events in developing seeds. J. Exp. Bot. 52, 551–564. doi:
10.1093/jexbot/52.356.551
Patrick, J. W., Ofﬂer, C. E., and Wang, X.-D. (1995). Cellular pathway of photosyn-
thate transport in coats of developing seed of Vicia faba L. and Phaseolus vulgaris
L. I. Extent of transport through the coat symplast. J. Exp. Bot. 46, 35–47. doi:
10.1093/jxb/46.1.35
Penﬁeld, S., and King, J. (2009). Towards a systems biology approach to under-
standing seed dormancy and germination. Proc. Biol. Sci. 276, 3561–3569. doi:
10.1098/rspb.2009.0592
Phelps, M. E. (2004). PET: Molecular Imaging and Its Biological Application. New
York: Springer.
Pignocchi, C., Minns, G. E., Nesi, N., Koumproglou, R., Kitsios, G., Benning,
C., et al. (2009). ENDOSPERM DEFECTIVE1 is a novel microtubule-associated
protein essential for seed development in Arabidopsis. Plant Cell 21, 90–105. doi:
10.1105/tpc.108.061812
Quail, P. H. (1997). An emerging molecular map of the phytochrome. Plant Cell
Environ. 20, 657–665. doi: 10.1046/j.1365-3040.1997.d01-108.x
Radchuk, V., Borisjuk, L., Radchuk, R., Steinbiss, H. H., Rolletschek, H., Broeders,
S., et al. (2006). Jekyll encodes a novel protein involved in the sexual reproduction
of barley. Plant Cell 18, 1652–1666. doi: 10.1105/tpc.106.041335
Radchuk, V., Kumlehn, J., Rutten, T., Sreenivasulu, N., Radchuk, R., Rolletschek,
H., et al. (2012). Fertility in barley ﬂowers depends on Jekyll functions in
male and female sporophytes. New Phytol. 194, 142–157. doi: 10.1111/j.1469-
8137.2011.04032.x
Radchuk, V., Weier, D., Radchuk, R., Weschke, W., and Weber, H. (2011). Devel-
opment of maternal seed tissue in barley is mediated by regulated cell expansion
and cell disintegration and coordinated with endosperm growth. J. Exp. Bot. 62,
1217–1227. doi: 10.1093/jxb/erq348
Radchuk, V. V., Borisjuk, L., Sreenivasulu, N., Merx, K., Mock, H. P., Rolletschek,
H., et al. (2009). Spatio-temporal proﬁling of starch biosynthesis and degra-
dation in the developing barley grain. Plant Physiol. 150, 190–204. doi:
10.1104/pp.108.133520
Raissig, M. T., Baroux, C., and Grossniklaus, U. (2011). Regulation and ﬂexibil-
ity of genomic imprinting during seed development. Plant Cell 23, 16–26. doi:
10.1105/tpc.110.081018
Rochat, C., Wuillème, S., Boutin, J.-P., and Hedley, C. L. (1995). A mutation at the
rb gene, lowering ADPGPPase activity, affects storage product metabolism of pea
seed coats. J. Exp. Bot. 46, 415–421. doi: 10.1093/jxb/46.4.415
Rolletschek, H., Borisjuk, L., Koschorreck, M., Wobus, U., and Weber, H. (2002).
Legume embryos develop in a hypoxic environment. J. Exp. Bot. 53, 1099–1107.
doi: 10.1093/jexbot/53.371.1099
Rolletschek, H., Koch, K., Wobus, U., and Borisjuk, L. (2005). Positional cues for
the starch/lipid balance in maize kernels and resource partitioning to the embryo.
Plant J. 42, 69–83. doi: 10.1111/j.1365-313X.2005.02352.x
Rolletschek, H., Melkus, G., Grafahrend-Belau, E., Fuchs, J., Heinzel, N., Schreiber,
F., et al. (2011). Combined noninvasive imaging and modeling approaches reveal
metabolic compartmentation in the barley endosperm. Plant Cell 23, 3041–3054.
doi: 10.1105/tpc.111.087015
Rolletschek, H., Weber, H., and Borisjuk, L. (2003). Energy status and its control
on embryogenesis of legumes. Embryo photosynthesis contributes to oxygen
supply and is coupled to biosynthetic ﬂuxes. Plant Physiol. 132, 1196–1206. doi:
10.1104/pp.102.017376
Rolletschek, H.,Weschke,W.,Weber, H.,Wobus, U., and Borisjuk, L. (2004). Energy
state and its control on seed development: starch accumulation is associated
with high ATP and steep oxygen gradients within barley grains. J. Exp. Bot. 55,
1351–1359. doi: 10.1093/jxb/erh130
Roszak, P., and Köhler, C. (2011). Polycomb group proteins are required to couple
seed coat initiation to fertilization. Proc. Natl. Acad. Sci. U.S.A. 108, 20826–20831.
doi: 10.1073/pnas.1117111108
Ruan, Y. L. (2013). Boosting seed development as a new strategy to increase cotton
ﬁber yield and quality. J. Integr. Plant Biol. 55, 572–575. doi: 10.1111/jipb.12074
Ruan, Y. L., Jin, Y., Yang, Y. J., Li, G. J., and Boyer, J. S. (2010). Sugar input,
metabolism, and signaling mediated by invertase: roles in development, yield
potential, and response to drought and heat. Mol. Plant 3, 942–955. doi:
10.1093/mp/ssq044
Ruan, Y. L., and Patrick, J. W. (1995). The cellular pathway of post-
phloem sugar-transport in developing tomato fruit. Planta 196, 434–444. doi:
10.1007/BF00203641
Ruuska, S. A., Schwender, J., and Ohlrogge, J. B. (2004). The capacity of green
oilseeds to utilize photosynthesis to drive biosynthetic processes. Plant Physiol.
136, 2700–2709. doi: 10.1104/pp.104.047977
Saito, G.Y., Chang,Y. C.,Walling, L. L., and Thomson,W.W. (1989). A correlation in
plastid development and cytoplasmic ultrastructurewith nuclear gene-expression
during seed ripening in soybean. New Phytol. 113, 459–469. doi: 10.1111/j.1469-
8137.1989.tb00357.x
Sanders, A., Collier, R., Trethewy, A., Gould, G., Sieker, R., and Tegeder, M. (2009).
AAP1 regulates import of amino acids into developingArabidopsis embryos. Plant
J. 59, 540–552. doi: 10.1111/j.1365-313X.2009.03890.x
Sang, T. (2009). Genes and mutations underlying domestication transitions in
grasses. Plant Physiol. 149, 63–70. doi: 10.1104/pp.108.128827
Schiefelbein, J. (2003). Cell-fate speciﬁcation in the epidermis, a common pattern-
ing mechanism in the root and shoot. Curr. Opin. Plant Biol. 6, 74–78. doi:
10.1016/S136952660200002X
Schruff,M. C., Spielman,M., Tiwari, S., Adams, S., Fenby, N., and Scott, R. J. (2006).
The AUXIN RESPONSE FACTOR 2 gene of Arabidopsis links auxin signalling,
cell division, and the size of seeds and other organs. Development 133, 251–261.
doi: 10.1242/dev.02194
Schwender, J. (2008). Metabolic ﬂux analysis as a tool in metabolic engineering of
plants. Curr. Opin. Biotechnol. 19, 131–137. doi: 10.1016/j.copbio.2008.02.006
Schwender, J., and Ohlrogge, J. B. (2002). Probing in vivo metabolism by stable iso-
tope labeling of storage lipids and proteins in developing Brassica napus embryos.
Plant Physiol. 130, 347–361. doi: 10.1104/pp.004275
Shen-Miller, J. (2002). Sacred lotus, the long-living fruits of China Antique. Seed
Sci. Res. 12, 131–143. doi: 10.1079/SSR2002112
Sinclair, T. R. (1988). Oxygen and temperature effects on soybean seed coat
respiration rates. Plant Physiol. 86, 124–128. doi: 10.1104/pp.86.1.124
Sinclair, T. R.,Ward, J. P., andRandall, C.A. (1987). Soybean seed growth in response
to long-term exposures to differing oxygen partial pressures. Plant Physiol. 83,
467–468. doi: 10.1104/pp.83.3.467
Singh, D., and Mathur, S. B. (2004). Histopathology of Seed-Borne Infections. Boca
Raton: CRC Press.
Smidansky, E. D., Clancy, M., Meyer, F. D., Lanning, S. P., Blake, N. K., Talbert,
L. E., et al. (2002). Enhanced ADP-glucose pyrophosphorylase activity in wheat
endosperm increases seed yield. Proc. Natl. Acad. Sci. U.S.A. 99, 1724–1729. doi:
10.1073/pnas.022635299
Smirnoff, N. (2010). Tocochromanols: rancid lipids, seed longevity, and beyond.
Proc. Natl. Acad. Sci. U.S.A. 107, 17857–17858. doi: 10.1073/pnas.1012749107
Smith,H. (2000). Phytochromes and light signal perception by plants—an emerging
synthesis. Nature 407, 585–591. doi: 10.1038/35036500
Smýkal, P., Vernoud, V., Blair, M. W., Soukup, A., and Thompson, R. D. (2014). The
role of the testa during development and in establishment of dormancy of the
legume seed. Front. Plant Sci. 5:351. doi: 10.3389/fpls.2014.00351
Song, X. J., Huang, W., Shi, M., Zhu, M. Z., and Lin, H. X. (2007). A QTL for rice
grain width and weight encodes a previously unknown RING-type E3 ubiquitin
ligase. Nat. Genet. 39, 623–630. doi: 10.1038/ng2014
Sreenivasulu, N., Borisjuk, L., Junker, B. H., Mock, H. P., Rolletschek, H., Seiffert,
U., et al. (2010). Barley grain development toward an integrative view. Int. Rev.
Cell Mol. Biol. 281, 49–89. doi: 10.1016/S1937-6448(10)81002-0
Sreenivasulu, N., Radchuk, V., Strickert, M., Miersch, O., Weschke, W., and Wobus
U. (2006). Gene expression patterns reveal tissue-speciﬁc signaling networks
www.frontiersin.org October 2014 | Volume 5 | Article 510 | 15
Radchuk and Borisjuk Seed coat functions
controlling programmed cell death and ABA-regulated maturation in developing
barley seeds. Plant J. 47, 310–327. doi: 10.1111/j.1365-313X.2006.02789.x
Sriram, G., Fulton, D. B., Iyer, V. V., Peterson, J. M., Zhou, R., Westgate, M. E.,
et al. (2004). Quantiﬁcation of compartmented metabolic ﬂuxes in developing
soybean embryos by employing biosynthetically directed fractional 13C label-
ing, two-dimensional [13C, 1H] nuclear magnetic resonance, and comprehensive
isotopomerbalancing. Plant Physiol. 136, 3043–3057. doi: 10.1104/pp.104.050625
Stadler, R., Lauterbach, C., and Sauer, N. (2005a). Cell-to-cell movement of green
ﬂuorescent protein reveals post-phloem transport in the outer integument and
identiﬁes symplastic domains in Arabidopsis seeds and embryos. Plant Physiol.
139, 701–712. doi: 10.1104/pp.105.065607
Stadler, R.,Wright, K. M., Lauterbach, C., Amon,G., Gahrtz,M., Feuerstein,A., et al.
(2005b). Expression of GFP-fusions in Arabidopsis companion cells reveals non-
speciﬁc protein trafﬁcking into sieve elements and identiﬁes a novel post-phloem
domain in roots. Plant J. 41, 319–331. doi: 10.1111/j.1365-313X.2004.02298.x
Stiff, M. R., and Haigler, H. C. (2012). “Recent advances in cotton development,”
in Flowering and Fruiting in Cotton, eds D. M. Oosterhuis and J. T. Cothren
(Cordova: The Cotton Foundation Press), 163–190.
Stotz, H. U., Thomson, J. G., and Wang, Y. (2009). Plant defensins: defense,
development and application. Plant Signal. Behav. 4, 1010–1012. doi:
10.4161/psb.4.11.9755
Su, Z., Hao, C., Wang, L., Dong, Y., and Zhang, X. (2011). Identiﬁcation and
development of a functional marker of TaGW2 associated with grain weight
in bread wheat (Triticum aestivum L.). Theor. Appl. Genet. 122, 211–223. doi:
10.1007/s00122-010-1437-z
Tegeder, M. (2014). Transporters involved in source to sink partitioning of amino
acids and ureides: opportunities for crop improvement. J. Exp. Bot. 65, 1865–
1878. doi: 10.1093/jxb/eru012
Thiel, J. (2014). Development of endosperm transfer cells in barley. Front. Plant Sci.
5:108. doi: 10.3389/fpls.2014.00108
Thiel, J., Weier, D., Sreenivasulu, N., Strickert, M., Weichert, N., Melzer, M., et al.
(2008). Different hormonal regulation of cellular differentiation and function
in nucellar projection and endosperm transfer cells – a microdissection-based
transcriptome study of young barley grains. Plant Physiol. 148, 1436–1452. doi:
10.1104/pp.108.127001
Thomma, B. P., Cammue, B. P., and Thevissen, K. (2002). Plant defensins. Planta
216, 193–202. doi: 10.1007/s00425-002-0902-6
Thorne, J. H. (1982). Temperature and oxygen effects on C14-labeled photosynthate
unloading and accumulation in developing soybean seeds. Plant Physiol. 69, 48–
53. doi: 10.1104/pp.69.1.48
Tilsner, J., Kassner, N., Struck, C., and Lohaus, G. (2005). Amino acid contents and
transport in oilseed rape (Brassica napus L.) under different nitrogen conditions.
Planta 221, 328–338. doi: 10.1007/s00425-004-1446-8
Tschiersch, H., Liebsch, G., Borisjuk, L., Stangelmayer, A., and Rolletschek, H.
(2012). An imaging method for oxygen distribution, respiration and photo-
synthesis at a microscopic level of resolution. New Phytol. 196, 926–936. doi:
10.1111/j.1469-8137.2012.04295.x
Tsiatsiani, L., Gevaert, K., and Van Breusegem, F. (2012). Natural substrates of plant
proteases: how can protease degradomics extend our knowledge? Physiol. Plant.
145, 28–40. doi: 10.1111/j.1399-3054.2011.01534.x
Ungru, A., Nowack, M. K., Reymond, M., Shirzadi, R., Kumar, M., Biewers, S., et al.
(2008). Natural variation in the degree of autonomous endosperm formation
reveals independence and constraints of embryo growth during seed development
in Arabidopsis thaliana. Genetics 179, 829–841. doi: 10.1534/genetics.107.084889
van Bel, A. J., Helariutta, Y., Thompson, G. A., Ton, J., Dinant, S., Ding, B., et al.
(2013). Phloem: the integrative avenue for resource distribution, signaling, and
defense. Front. Plant Sci. 4:471. doi: 10.3389/fpls.2013.00471
vanDongen, J. T.,Ammerlaan,A.M.,Wouterlood,M.,VanAelst,A. C., and Borstlap,
A. C. (2003). Structure of the developing pea seed coat and the post-phloem
transport pathway of nutrients. Ann. Bot. 91, 729–737. doi: 10.1093/aob/mcg066
van Dongen, J. T., Roeb, G. W., Dautzenberg, M., Froehlich, A., Vigeolas, H.,
Minchin, P. E. H., et al. (2004). Phloem import and storage metabolism are
highly coordinated by the low oxygen concentrations within developing wheat
seeds. Plant Physiol. 135, 1809–1821. doi: 10.1104/pp.104.040980
Verboven, P., Herremans, E., Borisjuk, L., Helfen, L., Ho, Q. T., Tschiersch,
H., et al. (2013). Void space inside the developing seed of Brassica napus and
the modelling of its function. New Phytol. 199, 936–947. doi: 10.1111/nph.
12342
Verdier, J., Dessaint, F., Schneider, C., and Abirached-Darmency, M. (2013). A com-
bined histology and transcriptome analysis unravels novel questions on Medicago
truncatula seed coat. J. Exp. Bot. 64, 459–470. doi: 10.1093/jxb/ers304
Verdier, J., Zhao, J., Torres-Jerez, I., Ge, S., Liu, C., He, X., et al. (2012). MtPAR
MYB transcription factor acts as an on switch for proanthocyanidin biosynthe-
sis in Medicago truncatula. Proc. Natl. Acad. Sci. U.S.A. 109, 1766–1771. doi:
10.1073/pnas.1120916109
Vermerris, W., and Nicholson, R. (2007). Phenolic Compound Biochemistry.
Springer e-Books ISBN 1402051646.
Vigeolas, H., Möhlmann, T., Martini, N., Neuhaus, H. E., and Geigenberger, P.
(2004). Embryo-speciﬁc reduction of ADP-Glc pyrophosphorylase leads to an
inhibition of starch synthesis and a delay in oil accumulation in developing seeds
of oilseed rape. Plant Physiol. 136, 2676–2686. doi: 10.1104/pp.104.046854
Vigeolas, H., Van Dongen, J. T., Waldeck, P., Hühn, D., and Geigenberger, P. (2003).
Lipid storage metabolism is limited by the prevailing low oxygen concentra-
tions within developing seeds of oilseed rape. Plant Physiol. 133, 2048–2060. doi:
10.1104/pp.103.031963
Vinogradova, I. S., and Falaleev, O. V. (2012). Formation of the vascular system of
developing bean (Phaseolus limensis L.) seeds according to nuclear magnetic reso-
nancemicrotomography. Ontogenez 43, 28–38. doi: 10.1134/S1062360412010079
Wager, H. G. (1974). Effect of subjecting peas to air enriched with carbon-dioxide.
1. Path of gaseous diffusion, content of CO2 and buffering of tissue. J. Exp. Bot.
85, 330–337. doi: 10.1093/jxb/25.2.330
Walker, N. A., Zhang,W. H.,Harrington, G., Holdaway,N., and Patrick, J.W. (2000).
Efﬂuxes of solutes from developing seed coats of Phaseolus vulgaris L. and Vicia
faba L.: locating the effect of turgor in a coupled chemiosmotic system. J. Exp.
Bot. 51, 1047–1055. doi: 10.1093/jexbot/51.347.1047
Wang, E., Wang, J., Zhu, X., Hao, W., Wang, L., Li, Q., et al. (2008). Control of rice
grain-ﬁlling and yield by a gene with a potential signature of domestication. Nat.
Genet. 40, 1370–1374. doi: 10.1038/ng.220
Wang, N., and Fisher, D. B. (1994). The use of ﬂuorescent tracers to characterize the
post-phloem transport pathway in maternal tissues of developing wheat grains.
Plant Physiol. 104, 17–27. doi: 10.1104/pp.104.1.17
Waters, A. J., Makarevitch, I., Eichten, S. R., Swanson-Wagner, R. A., Yeh,
C.-T., Xu, W., et al. (2011). Parent-of-origin effects on gene expression and
DNA methylation in the maize endosperm. Plant Cell 23, 4221–4233. doi:
10.1105/tpc.111.092668
Watson, P. A., and Duffus, C. M. (1988). Carbon-dioxide ﬁxation by detached cereal
caryopses. Plant Physiol. 87, 504–509. doi: 10.1104/pp.87.2.504
Weber, H., Borisjuk, L., and Wobus, U. (1996a). Controlling seed development and
seed size inVicia faba: a role for seed coat-associated invertases and carbohydrate
state. Plant J. 10, 823–834. doi: 10.1046/j.1365-313X.1996.10050823.x
Weber, H., Buchner, P., Borisjuk, L., and Wobus, U. (1996b). Sucrose metabolism
during cotyledon development of Vicia faba L. is controlled by the concerted
action of both sucrose-phosphate synthase and sucrose synthase: expression pat-
terns, metabolic regulation and implications for seed development. Plant J. 9,
841–850. doi: 10.1046/j.1365-313X.1996.9060841.x
Weber, H., Borisjuk, L., and Wobus, U. (2005). Molecular physiology of
legume seed development. Annu. Rev. Plant Biol. 56, 253–279. doi:
10.1146/annurev.arplant.56.032604.144201
Weijers, D., van Hamburg, J. P., van Rijn, E., Hooykaas, P. J. J., and Offringa, R.
(2003). Diphtheria toxin-mediated cell ablation reveals interregional communi-
cation during Arabidopsis seed development. Plant Physiol. 133, 1882–1892. doi:
10.1104/pp.103.030692
Welbaum, G. E., and Bradford, K. J. (1990). Water relations of seed develop-
ment and germination in muskmelon (Cucumis melo L.): IV. Characteristics
of the perisperm during seed development. Plant Physiol. 92, 1038–1045. doi:
10.1104/pp.92.4.1038
Weng, J., Gu, S., Wan, X., Gao, H., Guo, T., Su, N., et al. (2008). Isolation and
initial characterization of GW5, a major QTL associated with rice grain width
and weight. Cell Res. 18, 1199–1209. doi: 10.1038/cr.2008.307
Wolf, J. B., and Hager, R. (2006). A maternal-offspring co-adaptation theory for
the evolution of genomic imprinting. PLoS Biol. 4:e380. doi: 10.1371/jour-
nal.pbio.0040380
Wolff, P., Weinhofer, I., Seguin, J., Roszak, P., Beisel, C., Donoghue, M. T.,
et al. (2011). High-resolution analysis of parent-of-origin allelic expression in
the Arabidopsis endosperm. PLoS Genet. 7:e1002126. doi: 10.1371/journal.pgen.
1002126
Frontiers in Plant Science | Plant Evolution and Development October 2014 | Volume 5 | Article 510 | 16
Radchuk and Borisjuk Seed coat functions
Wu, B., Andersch, F., Weschke, W., Weber, H., and Becker, J. S. (2013). Diverse
accumulation and distribution of nutrient elements in developing wheat grain
studied by laser ablation inductively coupled plasma mass spectrometry imaging.
Metallomics 5, 1276–1284. doi: 10.1039/c3mt00071k
Xia, T., Li, N., Dumenil, J., Li, J., Kamenski, A., Bevan, M. W., et al. (2013). The
ubiquitin receptor DA1 interacts with the E3 ubiquitin ligase DA2 to regulate seed
and organ size in Arabidopsis. Plant Cell 25, 3347–3359. doi: 10.1105/tpc.113.
115063
Xia, X., Zhang, H. M., Andriunas, F. A., Ofﬂer, C. E., and Patrick, J. W.
(2012). Extracellular hydrogen peroxide, produced through a respiratory burst
oxidase/superoxide dismutase pathway, directs ingrowth wall formation in epi-
dermal transfer cells of Vicia faba cotyledons. Plant Signal. Behav. 7, 1–4. doi:
10.4161/psb.21320
Xiong, F., Yu, X. R., Zhou, L., Wang, F., and Xiong, A. S. (2013a). Structural and
physiological characterization during wheat pericarp development. Plant Cell
Rep. 32, 1309–1320. doi: 10.1007/s00299-013-1445-y
Xiong, Y., McCormack, M., Li, L., Hall, Q., Xiang, C., and Sheen, J. (2013b).
Glucose-TOR signalling reprograms the transcriptome and activates meristems.
Nature 496, 181–186. doi: 10.1038/nature12030
Yan, H., Hua, Z., Qian, G., Wang, M., Du, G., and Chen, J. (2009). Analysis
of the chemical composition of cotton seed coat by Fourier-transform infrared
(FT-IR) microspectroscopy. Cellulose 16, 1099–1107. doi: 10.1007/s10570-009-
9349-2
Yang, C., and Ye, Z. (2013). Trichomes as models for studying plant cell differentia-
tion. Cell. Mol. Life Sci. 70, 1937–1948. doi: 10.1007/s00018-012-1147-6
Yang, X., Wu, F., Lin, X., Du, X., Chong, K., Gramzow, L., et al. (2012). Live and let
die – the B(sister) MADS-box gene OsMADS29 controls the degeneration of cells
in maternal tissues during seed development of rice (Oryza sativa). PLoS ONE
7:e51435. doi: 10.1371/journal.pone.0051435
Yeung, E. C., and Meinke, D. W. (1993). Embryogenesis in angiosperms:
development of the suspensor. Plant Cell 5, 1371–1381. doi: 10.1105/tpc.5.
10.1371
Yin, L. L., and Xue, H. W. (2012). The MADS29 transcription factor regulates
the degradation of the nucellus and the nucellar projection during rice seed
development. Plant Cell 24, 1049–1065. doi: 10.1105/tpc.111.094854
Yu, C. Y. (2013). Molecular mechanism of manipulating seed coat coloration in
oilseed Brassica species. J. Appl. Genet. 54, 135–145. doi: 10.1007/s13353-012-
0132-y
Zhang, M., Zhao, H., Xie, S., Chen, J., Xu, Y., Wang, K., et al. (2011). Extensive,
clustered parental imprinting of protein-coding and noncoding RNAs in devel-
oping maize endosperm. Proc. Natl. Acad. Sci. U.S.A. 108, 20042–20047. doi:
10.1073/pnas.1112186108
Zhang, W. H., Zhou, Y., Dibley, K. E., Tyerman, S. D., Furbank, R. T., and Patrick, J.
W. (2007). Nutrient loading of developing seeds. Funct. Plant Biol. 34, 314–331.
doi: 10.1071/FP06271
Zhang, X., Wang, J., Huang, J., Lan, H., Wang, C., Yin, C., et al. (2012). Rare
allele of OsPPKL1 associated with grain length causes extra-large grain and a
signiﬁcant yield increase in rice. Proc. Natl. Acad. Sci. U.S.A. 109, 21534–21539.
doi: 10.1073/pnas.1219776110
Zhao, J., and Dixon, R. A. (2009). MATE transporters facilitate vacuolar uptake of
epicatechin 3′-O-glucoside for proanthocyanidin biosynthesis in Medicago trun-
catula and Arabidopsis. Plant Cell 21, 2323–2340. doi: 10.1105/tpc.109.067819
Zhou, Y., Andriunas, F. A., Ofﬂer, C. E., McCurdy, D. W., and Patrick, J. W. (2010).
An epidermal-speciﬁc ethylene signal cascade regulates trans-differentiation
of transfer cells in Vicia faba cotyledons. New Phytol. 185, 931–943. doi:
10.1111/j.1469-8137.2009.03136.x
Zhou, Z., Wang, L., Li, J., Song, X., and Yang, C. (2009). Study on programmed cell
death and dynamic changes of starch accumulation in pericarp cells of Triticum
aestivum L. Protoplasma 236, 49–58. doi: 10.1007/s00709-009-0046-7
Conflict of Interest Statement:The authors declare that the researchwas conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 22 May 2014; accepted: 11 September 2014; published online: 10 October
2014.
Citation: Radchuk V and Borisjuk L (2014) Physical, metabolic and developmental
functions of the seed coat. Front. Plant Sci. 5:510. doi: 10.3389/fpls.2014.00510
This article was submitted to Plant Evolution and Development, a section of the journal
Frontiers in Plant Science.
Copyright © 2014 Radchuk and Borisjuk. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
www.frontiersin.org October 2014 | Volume 5 | Article 510 | 17
